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Abstract
Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) has been widely studied
as either nanometre-scale, transparent films or a conductive, capacitive composite material in
electronic devices. While significant effort has been directed towards increasing PEDOT:PSS
conductivity in transparent films, very little nanoscale, morphological consideration has been
given to larger, micron-scale PEDOT:PSS materials. As a result, PEDOT:PSS conductivity
often decreases beyond nanoscale films, and the polymer has been largely overlooked as a
high performance material in practical applications. In this thesis, PEDOT:PSS fabrication
techniques are optimised to produce high conductivity and high electrochemical performance
in micron-scale quantities of PEDOT:PSS. The optimised PEDOT:PSS is used to produce
an RFID antenna with extraordinary radiation efficiency, a high efficiency zinc/bromine flow
battery anode, and an ultra high performance composite-fibre-supercapacitor.
PEDOT:PSS is composed of PEDOT, a conductive, conjugated polymer, and PSS, an insula-
tive polymer introduced as a dopant and to increase aqueous dispersibility and stability. The
polymer blend forms 50-100 nm colloidal particles when dispersed in water; PEDOT-rich PE-
DOT:PSS regions surrounded by excess, hydrophilic PSS. The colloidal structure is preserved
as the material dries, forming granular particles in an excess of PSS. Various techniques, such
as exposure to polar cosolvents and post-treatments, improve the distribution of PSS, increase
phase separation between PEDOT:PSS, and induce conformational change in PEDOT chain
from tightly coiled benzoid structure, to an elongated quinoid structure. These morphological
changes improve PEDOT inter-chain connectivity, control distribution of insulative PSS, and
increase material stability.
A novel fabrication technique was developed to maintain PEDOT:PSS electrical and electro-
chemical performance in micron-scale applications. By submersion in ethylene glycol, PE-
DOT:PSS phase separation, conformational changes, stability and PEDOT loading were op-
timised for a commercially available PEDOT:PSS. Polymer films 40 µm thick were reliably
produced with over 500 S cm−1. The high performance PEDOT:PSS was fabricated into a
2.45 GHz RFID dipole antenna, achieving 98.9% radiation efficiency over a 2.25-2.75 GHz
bandwidth, and 99.7% peak radiation efficiency at 2.5 GHz, equivalent to a copper antenna of
the same dimensions. A novel result for a non-metal antenna.
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The same morphologically considerate approach was taken to zinc/bromine flow battery elec-
trode materials. Commercially available zinc/bromine batteries often use low conductivity
carbon nanotube (CNT)/high-density polyethylene (HDPE) electrodes due to practical and
electrochemical difficulties. Layering PEDOT:PSS over the CNT/HDPR electrode substan-
tially increased anodic performance, more than doubling peak charge density and increasing
current density by over 20%. Energy density increased by over 50%, and charge efficiency in-
creased by 9.3%, directly increasing battery efficiency. The PEDOT:PSS modified electrode had
substantially higher electrocatalytic activity, higher conductivity, higher nano- and micro-scale
porosity, and higher charge transfer rate, increasing anodic performance across all electrochem-
ical parameters.
PEDOT:PSS was composited with reduced graphene oxide (rGO) to produce a high perfor-
mance symmetric fibre supercapacitor. The PEDOT:PSS-rGO composite supercapacitor mea-
sured 138 F cm−3, substantially outperforming PEDOT:PSS and rGO supercapacitors at 55
F cm−3 and 14 F cm−3, respectively. The composite supercapacitor further had significantly
better charge transfer rate and rate capability, resulting in a higher energy and power den-
sity device. The high performance was attributed to several beneficial phenomena as a direct
result of optimising the material morphology: graphene oxide induces phase separation and
conformational improvement in PEDOT:PSS, PEDOT:PSS aids reduction of graphene oxide,
and homogenising efforts intercalated PEDOT:PSS within graphene oxide sheets, increasing
interlattice distance upon reduction restacking.
Three high performance devices were fabricated from commercially available PEDOT:PSS,
substantially improved by optimising conditions for PEDOT:PSS performance. As this thesis
represents an early development in wider, more practical uses of PEDOT:PSS, it is expected
these findings will contribute to the increased understanding of conductive polymers, and help
guide future exploration and optimisation with this technology.
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Chapter 1
Introduction
1.1 Chapter introduction
This chapter presents an overview of poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) and PEDOT:PSS applications, and an outline of the thesis aims and compo-
nents.
Increased interest in conductive polymers is explained by two primary motivations: continual
and relentless technology development, responding to demand for smaller, faster, lighter, more
efficient, flexible devices; and, increasing potential for conductive polymers in energy storage
devices, such as batteries and supercapacitors, with new storage compositions and configura-
tions published regularly. Technology giants, like Samsung and Apple, are highly motivated to
be the first to make a flexible tablet, or self-repairing phone screen, while storage suppliers the
world over are waiting for the next storage solution as lithium technology stagnates.
1.2 Conjugated polymers
Conjugated polymers, or conductive polymers, were first discovered in 1977 by Shirakawa et al.
[22], and have been heavily studied heavily since [23]. Polymers are characterised by a large
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molecule composed of many linearly repeating units. Conjugated polymers, or conducting
polymers, have a backbone of contiguous sp2 orbitals with delocalised electrons. In a neutral
state this presents as a semiconductor, however when doped the delocalised electrons have high
mobility, forming a one-dimensional electron band, allowing current to move along the polymer
[24]. The doping reconfigurability, semiconductor properties, and capability as a conductive
material have lead to substantial research and development. However processing difficulty has
lead to few large-scale applications, such as antistatic coatings and some use in commercial
displays. Most conjugated polymers are insoluble in water, requiring toxic solvents for pro-
cessing, susceptible to nanoscale restructuring causing inconsistent performance, and poorly
scaling manufacturing costs. However promising research is underway into conductive polymer
organic solar cells, printable electronics, chemical and biosensors, electroactive actuators, and
supercapacitors.
High conductivity, aqueous dispersibility, good film formability and atmospheric stability, di-
versity in manufacturing techniques and customisability of the material has lead PEDOT:PSS
to be one of the most popular conductive polymers [25].
1.3 PEDOT:PSS present status
PEDOT:PSS is popular in organic electronic literature, however commercial use is limited
to antistatic coatings. Commercial PEDOT:PSS is available from several sources, such as
Heraeus and Sigma Aldrich, with wide ranging conductivity. The vast majority of PEDOT:PSS
research has been conducted on 100 nm transparent films for devices such as organic solar cells,
with some studies achieving over 3000 S cm−1 [26, 27]. PEDOT or PEDOT:PSS is also used
as a composite material in electrodes, supercapacitors, biosensors, etc., with mixed results.
PEDOT:PSS morphology is widely ignored beyond transparent film devices, resulting in a
disconnect between the conductivity and electrochemical performance from nanometre-scale
applications, and larger scale materials.
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PEDOT:PSS has been widely demonstrated as a highly conductive, highly electrochemically
active material with excellent charge transfer rate. Further energy storage materials compos-
ited with PEDOT:PSS repeatedly improve performance and stability, even if to a small extent.
The PEDOT:PSS conductivity mechanism is the outcome of many competing processes be-
tween polymers and cosolvents. Given the state of PEDOT:PSS literature at present, there is
significant development to be made in micron-scale PEDOT:PSS materials and composites.
1.5 Problem statement and thesis question
While PEDOT:PSS has received significant research interest in many, varied fields, progression
into practical, real-world devices has been unsuccessful.
The work presented in this thesis aims to address the following:
• Development of PEDOT:PSS processing techniques to produce highly conductive, flexible,
micron-scale thick polymer films for RFID antennas.
• Exploration of large-volume PEDOT:PSS materials in energy storage
1.6 Organisation of this thesis
This thesis is presented as a series of research chapters each with their own literature review.
• Chapter 1: An introduction to conductive polymers and potential applications.
• Chapter 2: Discussion of PEDOT:PSS morphology - a highly complex system involving
interactions between two polymers and multiple solvents.
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• Chapter 3: Development of fabrication techniques for highly conductive, high thickness
PEDOT:PSS films for RFID antenna devices.
• Chapter 4: Highly conductive PEDOT:PSS electrode modification to improve electro-
chemical kinetics in zinc/bromine flow batteries.
• Chapter 5: Fibre supercapacitors constructed from PEDOT:PSS/reduced graphene oxide
composite, including in situ graphene oxide reduction techniques.
• Chapter 6: Overall conclusions and recommendations for future work based on the find-
ings presented in this thesis.
Chapter 2
Literature Review
This thesis investigates three different applications of PEDOT:PSS in electrical devices. As the
devices have little in common, detailed literature reviews can be found in each chapter. The
overall literature review will explain PEDOT:PSS morphology; the nanostructural conditions
that dramatically increase PEDOT:PSS conductivity and electrochemical performance.
Shirakawa et al. [22] first developed conductive polymer in 1977, instantly creating a new field
of materials chemistry. Conductive polymer development continues rapidly [23], and presently
PEDOT:PSS has become of the most successful conductive polymers in terms of variety of
applications, albeit research and development applications.
PEDOT:PSS is a water dispersible, copolymer blend used to make highly conductive films and
materials, and has shown high biocompatibility for implantable devices [28]. PEDOT itself
is not water soluble, however the addition of PSS as a dopant during the synthesis process
precipitates a complex particulate structure of reasonable aqueous stability [9, 29, 30]. It is
widely agreed that PEDOT:PSS films are composed of a complex, interconnected nanostructure
resulting from phase migration between PEDOT and PSS [7–11, 26, 30–36]. As an aqueous
dispersion, PEDOT:PSS assembles into singular 30-50 nm units, or granules, of densely packed
regions of PEDOT and doping PSS, surrounded by a PSS-rich, hydrophilic shell , Figure 2.1
[37]. These colloidal particles form during synthesis and are preserved in the drying of the film
[7–11, 26, 30–36]. As the material dries, high molecular weight PSS remains electrostatically
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bound to PEDOT chains within the PEDOT-rich domain (within the centre region of the
colloidal particles) and surrounding these PEDOT-PSS regions as a hydrophilic shell. Neutral
species such as excess PSS in solution and residual water migrate from homogeneity in solution
to highly concentrated PSS regions, completely enveloping the PEDOT-rich domain. Excess
PSS can also form pockets within the dried film, however PSS tends to form a PSS-rich layer
on the surface due to concentration of dissolved PSS as the formulation dries, seen in Figure
2.2 [9–11, 26, 30–36, 38].
Several attempts to explain the increase in conductivity for
cosolvent-treated PEDOT:PSS ﬁlms have been made, e.g., by
measuring an enhanced overall crystallinity with wide-angle X-
ray scattering (WAXS).21 Removal of the insulating PSS was
not directly observed during the process but was indicated
indirectly by Fourier transform infrared spectroscopy (FTIR),22
X-ray photoelectron spectroscopy (XPS),14,20,22−25 UV−vis,25
and cyclic voltammetry (CV),18,24 while a vertical phase
separation showing a capping layer of PSS for pristine
PEDOT:PSS was observed with XPS and atomic force
microscopy (AFM).14,18,20,22,24−29 An enhancement of the
doping level of the conjugated polymer was also found,29 yet
the precise morphology inside the ﬁlm, as well as both the
crystallinity and moreover the molecular orientation, has a very
strong inﬂuence on the charge transport through the
conjugated polymer ﬁlm.30,31 In recent years, the in-plane
morphology32,33 and vertical phase separation of blend systems
have attracted an increasing amount of interest31−34 as well as
the investigation of molecular structures in conjugated
polymers.34,35 In this work, we address the inner ﬁlm structure
and the molecular orientation providing new insight into the
underlying eﬀects with cosolvent treatment leading to the high
conductivity of PEDOT:PSS.
PEDOT:PSS consists of two ionic bound polymers as
indicated in the chemical structure shown in Figure 1a. The
conjugated PEDOT polymer displays good conductivity that
arises from the alternating double bonds along the backbone.
The PSS that is needed for the solubility of PEDOT, however,
is nonconductive. Because of the presence of PSS in the shell,
the complex is soluble in water and thin ﬁlms can be prepared
by spin-casting the solution. Further, PEDOT has a high aﬃnity
for PSS that, because of its polyanionic nature, acts as a
counterion for PEDOT.36 In aqueous solution, the PE-
DOT:PSS complex tends to form PEDOT-rich cores
surrounded by a PSS-rich shell.21,26,30,37−39 The structural
formula of PEDOT:PSS is sketched in Figure 1a together with
its core−shell complex on the right. The scope of this work is
to correlate the conductivities directly to the inner ﬁlm
morphology together with the molecular orientation within
the crystals. Such an improved understanding of the underlying
structure is necessary for controlling the performance of
practical devices.
To address the correlation between inner ﬁlm structure and
conductivity, we investigated the changes in the inner ﬁlm
structure of PEDOT:PSS (Heraeus Clevios PH1000, Ossila
M122, 1:2.5) ﬁlms that arise with a recently developed post-
treatment method using EG as a cosolvent. Thereby, the
conductivity is increased, reaching values on the order of ITO
as reported by Kim et al.19 Additionally, a comparison is drawn
with a so-called cosolvent additive for PEDOT:PSS using G.
Cosolvent addition of G is known to enhance the conductivity
of the resulting layer also.8,40 Furthermore, G acts as a
plasticizer for PEDOT:PSS, allowing the application of
structuring methods for enhanced light absorption and
eﬃciency enhancement in OPV devices as shown before in
contiguous studies.41 Note that addition of cosolvents is also
mentioned in literature as doping9 or secondary doping.42,43 It
allows for rearrangement of the molecules within the thin ﬁlm
as discussed in the results part discussing inner ﬁlm
morphology. Six diﬀerent concentrations of G, ranging from
0 to 50 mg/mL, were used. For each G additive concentration,
the comparison is drawn to additional cosolvent post-treatment
using EG. The routine for G additive (termed method 1) and
EG post-treatment (termed method 2) is shown in Figure 1b
and discussed in detail in the Experimental Section. At this
point, it should be mentioned that even after the samples have
been annealed as described in the Experimental Section, the
high-boiling point solvents remain in the ﬁlm at a suﬃciently
low concentration so as not to degrade the conductivity.
Instead, the conductivity is increased by more than 3 orders in
magnitude as discussed in the Results, clearly showing that
residuals of the cosolvent do not aﬀect the conductivity of thin
PEDOT:PSS ﬁlms.
The surface morphology was probed via scanning electron
microscopy (SEM). For detailed and quantitative investigation
of the inner ﬁlm morphology, crystallinity, and molecular
reorientation, the solvent-treated ﬁlms were probed using
powerful techniques such as microfocused grazing incidence
small- and wide-angle X-ray scattering (μ-GISAXS and μ-
GIWAXS, respectively). The measurements were performed on
beamline P03/MiNaXS of the PETRA III storage ring at DESY
(Hamburg, Germany).44 In contrast to the surface sensitive
information obtained from SEM, the microfocused X-ray
scattering methods μ-GISAXS and μ-GIWAXS provide statisti-
cally relevant results averaged over the illuminated ﬁlm volume
corresponding to the size of the top electrode and thereby of
the typical active area of an OPV device.45,46 From the μ-
GISAXS measurements, the size, separation, and distribution of
the PEDOT-rich domains present underneath the ﬁlm surface
are extracted. Changes in crystallinity and molecular
reorientation of the conjugated PEDOT molecules with respect
to the substrate surface are observed via μ-GIWAXS. The
changes in surface and inner ﬁlm morphology, the crystallinity,
and the molecular orientation are thereby related to the
changes in conductivity. For a complete and thorough
investigation of the ﬁlms, their conductivity, thickness, and
optical properties are studied using four-point probe, X-ray
reﬂectometry (XRR)/proﬁlometry, and transmission spectros-
copy (UV−vis) measurements, respectively.
Figure 1. (a) Structural formula of PEDOT:PSS (left). Model of a
core−shell PEDOT:PSS domain in solution (right). (b) Solvent
additive and post-treatment routine of the PEDOT:PSS ﬁlm.
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Figure 2.1: PEDOT:PSS morphology. PSS is used as a dopant during PEDOT synthesis, and
added in excess to increase the dispersibility of PEDOT:PSS. The blue excess PSS forms a
hydrophilic shell around the hydrophobic red PEDOT and doping PSS in the tightly packed,
central network [9].
Pristine PEDOT:PSS films formed without chemical additives or other processing techniques
are very poor conductors [9–11, 30]. The addition of a polar solvent, such as dimethylsul-
foxide (DMSO) or ethylene glycol (EG), dramatically improves the conductivity of the film
[7–11, 26, 30–36]. While there is still some conjecture as to the details of the mechanism of con-
ductivity enhancement [39], it is widely agreed the addition of cosolvents and other treatment
methods increases PSS phase separation and migration within the film, redistributing PSS more
homogeneously throughout the film as shown in Figure 2.3. The substantial reorganisation of
insular PSS within the film increases film conductivity, minimising PSS-rich pockets between
PEDOT:PSS colloidal particles and the PSS-rich surface layer [10].
Further, and more influentially [10, 40, 41], cosolvent and post-processing methods induce
conformational relaxation on the tightly wou d PEDOT chains in the PEDOT-rich core of
7method,43,44 and the bottom surfaces were characterized with
XPS and AFM. The details of the lift-oﬀ method are described
in the Experimental Section. Figure 6a shows the S 2p spectra
obtained from the bottom side of PEDOT:PSS ﬁlms. In the
case of the 120 min-PSVA-treated ﬁlm, the intensity of the
lower binding energy peaks at around 165 eV corresponding to
PEDOT were higher than the SAM 5%-treated ﬁlm, which
indicated that the PEDOT contents in the bottom surface of
the 120 min-PSVA-treated ﬁlms were more concentrated
compared with the SAM 5%-treated ﬁlms. As shown in the
inset of Figure 6a, the PEDOT-to-PSS ratios at the bottom
surface were increased from 0.51 to 0.61 by replacing the SAM
with the PSVA. Furthermore, as observed in the AFM phase
images of Figure 6b,c, the bottom surface of the PSVA-treated
ﬁlm showed more densely distributed PEDOT-rich grains and
better connections between the bright PEDOT-rich regions
compared with those of the conventional SAM-treated ﬁlm.
These morphological changes in the AFM bottom surface will
be well correlated with the bottom-surface compositional
changes in XPS. More importantly, these results strongly
support that the PSVA-treated PEDOT:PSS electrode has a
signiﬁcant composition gradient from the surface to the bulk of
the ﬁlm and the self-organized PSS-enriched layer at the top
surface of the blend ﬁlm.
These signiﬁcant 3-D morphological changes, outstanding
vertical phase separation, and conductivity changes in the
PSVA-treated PEDOT:PSS can be explained by the following
factors. As is well-known, it is highly important to increase the
remaining time and amount of polar solvent in PEDOT:PSS
ﬁlms in order to obtain higher conductivity of PEDOT:PSS
ﬁlms, because the phase separation and morphological changes
of PEDOT:PSS occur mainly until the polar solvent and water
are completely evaporated, and they greatly aﬀect the charge
transport and conductivity in ﬁlms.18−20 In addition, because
the polar solvents lower the interaction between the PEDOT-
rich core and excess PSS, the weakened interactions between
them enable excess PSS to migrate easily in a thermodynami-
cally favorable direction, which results in a continuous phase
separation until completely evaporating the water and polar
solvents.20,45,46 However, the spin-coated PEDOT:PSS ﬁlms
treated with the conventional SAM would have limited
conductivity and 3-D morphology, because the use of a spin-
coating process can remove extensive amounts of the water and
polar solvent and can accelerate the drying time of the ﬁlm,47
and the ﬁlm-wetting property can be worsened with the
addition of polar solvents,29 inevitably preventing it from
reaching a morphology with more equilibrium.47,48 In contrast,
when PEDOT:PSS ﬁlms are treated with PSVA, 3-D
morphological changes, vertical phase separation, and con-
ductivity changes will be more activated, because the
PEDOT:PSS ﬁlms can be exposed to more highly concentrated
polar solvents for longer times to diﬀuse excess PSS as
demonstrated by the AFM, XPS, and conductivity data.
Therefore, the schematically morphological images of the
pristine PEDOT:PSS, the conventional SAM-treated PE-
DOT:PSS, and the PSVA-treated PEDOT:PSS could be
Figure 6. (a) XPS spectra of S 2p at the bottom surface of PEDOT:PSS ﬁlms treated with SAM of 5% and PSVA for 120 min. Phase images of
PEDOT:PSS ﬁlms modiﬁed by (b) SAM of 5% and (c) PSVA for 120 min. (d) The schematic morphological models of spin-coated pristine, SAM-
treated, and PSVA-treated PEDOT:PSS ﬁlms. Inset of (a) shows the ratio of PEDOT-to-PSS at the bottom surface of the modiﬁed PEDOT:PSS
ﬁlms.
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Figure 2.2: PEDOT:PSS film structure. PEDOT:PSS granules, roughly 30 nm in diameter,
layer on top of one another whilst excess PSS and water migrate to the surface as the film
dries. This creates a smooth surface, however affects the film conductivity measurements and
operation under alternating current [10].
PEDOT:PSS colloidal particles, see Figure 2.4, increasing interconnectivity between PEDOT
chains and hence increasing the conductivity of the film [9–11, 30, 41]. The PEDOT chain
structure physically elongates from a benzoid to quinoid conformation, Figure 2.5, the inter-
monomer double bond shifting to the thiophene ring on the monomer-unit. The benzoid to
quinoid PEDOT coil extension increases the pi conjugation cloud, and thus the charge sharing
capability of each PEDOT chain [10, 12, 30, 38, 40]. This conformational shift is the primary
mechanism for increased conductivity of the PEDOT:PSS film [41].
As with other polymeric films, differing processing methods and post-processing treatments
have a substantial effect on the resulting conductivity [9–11, 30]. Particularly, co-solvent ad-
dition, drying and annealing temperatures, and post-processing soaking and solution coating
techniques have been explored at length [7–11, 26, 30–36].
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method,43,44 and the bottom surfaces were characterized with
XPS and AFM. The details of the lift-oﬀ method are described
in the Experimental Section. Figure 6a shows the S 2p spectra
obtained from the bottom side of PEDOT:PSS ﬁlms. In the
case of the 120 min-PSVA-treated ﬁlm, the intensity of the
lower binding energy peaks at around 165 eV corresponding to
PEDOT were higher than the SAM 5%-treated ﬁlm, which
indicated that the PEDOT contents in the bottom surface of
the 120 min-PSVA-treated ﬁlms were more concentrated
compared with the SAM 5%-treated ﬁlms. As shown in the
inset of Figure 6a, the PEDOT-to-PSS ratios at the bottom
surface were increased from 0.51 to 0.61 by replacing the SAM
with the PSVA. Furthermore, as observed in the AFM phase
images of Figure 6b,c, the bottom surface of the PSVA-treated
ﬁlm showed more densely distributed PEDOT-rich grains and
better connections between the bright PEDOT-rich regions
compared with those of the conventional SAM-treated ﬁlm.
These morphological changes in the AFM bottom surface will
be well correlated with the bottom-surface compositional
changes in XPS. More importantly, these results strongly
support that the PSVA-treated PEDOT:PSS electrode has a
signiﬁcant composition gradient from the surface to the bulk of
the ﬁlm and the self-organized PSS-enriched layer at the top
surface of the blend ﬁlm.
These signiﬁcant 3-D morphological changes, outstanding
vertical phase separation, and conductivity changes in the
PSVA-treated PEDOT:PSS can be explained by the following
factors. As is well-known, it is highly important to increase the
remaining time and amount of polar solvent in PEDOT:PSS
ﬁlms in order to obtain higher conductivity of PEDOT:PSS
ﬁlms, because the phase separation and morphological changes
of PEDOT:PSS occur mainly until the polar solvent and water
are completely evaporated, and they greatly aﬀect the charge
transport and conductivity in ﬁlms.18−20 In addition, because
the polar solvents lower the interaction between the PEDOT-
rich core and excess PSS, the weakened interactions between
them enable excess PSS to migrate easily in a thermodynami-
cally favorable direction, which results in a continuous phase
separation until completely evaporating the water and polar
solvents.20,45,46 However, the spin-coated PEDOT:PSS ﬁlms
treated with the conventional SAM would have limited
conductivity and 3-D morphology, because the use of a spin-
coating process can remove extensive amounts of the water and
polar solvent and can accelerate the drying time of the ﬁlm,47
and the ﬁlm-wetting property can be worsened with the
addition of polar solvents,29 inevitably preventing it from
reaching a morphology with more equilibrium.47,48 In contrast,
when PEDOT:PSS ﬁlms are treated with PSVA, 3-D
morphological changes, vertical phase separation, and con-
ductivity changes will be more activated, because the
PEDOT:PSS ﬁlms can be exposed to more highly concentrated
polar solvents for longer times to diﬀuse excess PSS as
demonstrated by the AFM, XPS, and conductivity data.
Therefore, the schematically morphological images of the
pristine PEDOT:PSS, the conventional SAM-treated PE-
DOT:PSS, and the PSVA-treated PEDOT:PSS could be
Figure 6. (a) XPS spectra of S 2p at the bottom surface of PEDOT:PSS ﬁlms treated with SAM of 5% and PSVA for 120 min. Phase images of
PEDOT:PSS ﬁlms modiﬁed by (b) SAM of 5% and (c) PSVA for 120 min. (d) The schematic morphological models of spin-coated pristine, SAM-
treated, and PSVA-treated PEDOT:PSS ﬁlms. Inset of (a) shows the ratio of PEDOT-to-PSS at the bottom surface of the modiﬁed PEDOT:PSS
ﬁlms.
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Figure 2.3: Addition of cosolvents or post-processing methods redistribute the excess PSS
within the film, increasing surface r ughness and homogenising the film conductivity [10].
Film conductivity has a direct relation to the PEDOT particle
size; as particles grow the total number of particle boundaries in
a given volume or area can decrease. An increased particle size
with decreased particle boundaries leading to few energy barriers
will bring about conductivity enhancement.46 Moreover, charge
hopping among the polymer c ains is believed to be the domi-
nant conduction mechanism in conducting polymers.55 The way
charges are transported among the highly conducting PEDOT-
rich grains will decide the overall conductivity f PEDOT:PSS
films. Hence, the PEDOT-rich chains with a linear structure,
larger grain size and lower intergrain hopping, resulting in
thinner PSS barriers, can promote charge hopping leading to a
higher conductivity.
Combining all the above-explained results, we proposed a
model as in Scheme 1 to fully explain the mechanism of
conductivity enhancement by methanol treatment. The current
suggested model for the morphology of PEDOT:PSS solid films
is that it consists of grains with a hydrophobic and highly
conductive PEDOT-rich core and a hydrophilic insulating PSS-
rich shell.56 The highly hydrophilic methanol, with a high
dielectric constant, will interact with the hydrophilic PSS and
bring about a screening effect between the PEDOT and PSS
chains. The screening effect and phase separation is dependent
on both the dielectric constant and hydrophilicity of the treat-
ment chemicals; that is why ethanol and IPA show lower
conductivity than methanol. The screening effect will facilitate
the phase separation between the PEDOT and PSS chains and
hence the PSS will be dissolved by methanol. This intern will
enable the reorientation of the PEDOT polymer chains from a
coiled to linear or extended-coil structure which allows more
inter-chain interaction between the conducting polymers. Thus,
the energy barrier for inter-chain and inter domain charge
hopping will be lowered and there will be better charge transfer
among the PEDOT chains. The phase separated and re-oriented
PEDOT chains will make the charge hopping easier and even-
tually there will be a tremendously enhanced conductivity.
3.3. ITO-free PSCs using PEDOT:PSS treated with methanol
anodes
PSCs were fabricated using PEDOT:PSS treated with methanol
by different methods as a standalone anode. The chemical
structures of the active layer chemicals (P3HT and PC61BM),
device architecture, the current density (J)–voltage (V) curves
and EQE of the PSCs with single layer (!50 nm) PEDOT:PSS
anodes are shown in Fig. 9. PSCs using ITO anodes with a less-
conductive PEDOT:PSS (Clevios P VP Al 4083) buffer layer
were also fabricated as control devices. The power conversion
efficiency (PCE), short-circuit current density (Jsc), open-circuit
voltage (Voc), fill factor (FF) and series resistance (RS) and
parallel resistance (RSH) of the PSCs are given in Table 2.
Generally, PEDOT:PSS anodes show an almost equal perfor-
mance to the ITO anode owing to their high conductivity. The
EQE values are in agreement with the J–V values of the devices.
PEDOT:PSS anode treated with methanol by the drop method
showed a Jsc 9.51 mA cm
"1, Voc 0.58 V and PCE 3.71% with an
FF of 67.33%. The PSC with the reference ITO electrode has a
PCE of 3.77% with little higher FF and lower Jsc. Owing to their
better transmittance, PSCs with the PEDOT:PSS electrodes have
better Jsc than their ITO counterparts. Interestingly, all
PEDOT:PSS electrodes showed the same Voc value to their ITO
counterpart, and their FF is higher than 66%. The PEDOT:PSS
electrode treated only by the drop method shows a higher PCE,
contributed by its higher Jsc, even though its conductivity is
lower than the drop + dip method. For the film treated with only
the drop method, a very thin PSS layer segregated by methanol is
still on the film surface and it will act as a functional buffer layer,
giving an electron blocking function to the device, which results
in higher Jsc value. Additionally, the rough surface after drop
treatment may serve as a center for the initial crystallization of
the P3HT polymer which further leads to better alignment of the
P3HT and PCBM domains.57 It is also worth to note that
PEDOT:PSS electrodes showed low RS and high RSH values
comparable to the ITO electrode. Additionally, the preliminary
stability of the devices was considered by keeping the devices in
an N2 filled glove box. Devices with PEDOT:PSS electrode
Fig. 8 AFM images of PEDOT:PSS films before (a and c) and after
film treatment with methanol by the dip method (b and d). (a and b)
are phase images while (c and d) are topography images. All the images
are 1 mm # 1 mm.
Scheme 1 Schematic illustration of the mechanism of conductivity
enhancement of PEDOT:PSS films by film treatment with methanol. The
core–shell structure is changed to a linear/coiled structure. The removal
of PSS leads to the thickness reduction of the film and also brings about
bigger and bet er connected PEDOT chains.
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Figure 2.4: Post-processing treatments and addition of cosolvents relax the tightly wound
PEDOT conformational structure, increasing interconnectivity between PEDOT chains, and
hence in reasing the conductivity [11].
9to a positive charge on a unit while a bipolaron corresponds
to two positive charges delocalized over several units.
Clearly, the transition from polarons to bipolarons is due to
the conformational change from coil to linear or expanded-
coil structure so that the charge becomes more delocalized
on the PEDOT chains.
3.4. Electrochemical characterization
The effect of solvent on the electrochemical behavior of
the PEDOT:PSS films was studied by CV and in situ UV–
Vis-NIR absorption spectroscopy in a 0.1 M NaCl aqueous
solution with Ag/AgCl as the reference electrode (Fig. 4).
The PEDOT:PSS films exhibit redox behavior at a potential
higher thanK0.2 V vs Ag/AgCl before the treatment and an
additional redox behavior betweenK0.2 andK0.7 V. The
integrated current doubled after the EG treatment. These
changes were always observed by changing the scan rate
from 5 to 200 mV/s. The change of the redox behavior is
similar to the redox behavior change from irregular
poly(3-dodecylthiophene) to regioregular poly(3-dodecyl-
thiophene) [26]. The dependence of the CVs of 3-sub-
stituted-polythiophene in aqueous solution on the
hydrophilicity of the substituted group was observed as
well [27]. The doping degree of the PEDOT:PSS film does
not change after the EG treatment. Therefore, the change in
the redox behavior should be attributed to the EG effect on
the conformation of the PEDOT chains.
The redox behavior was further studied by in situ UV–
Vis-NIR absorption spectroscopy (see Figs. 5 and 6). The
absorption band near 600 nm is due to p–p* transition, and
the band near 900 nm is related to the bipolaron subgap
transition in the polymer [18,19]. The spectra are almost the
same from 0.7 to K0.2 V for the PEDOT:PSS film before
and after the EG treatment. Below K0.2 V the absorption
spectrum of the PEDOT:PSS film shows little change with
the potential V, while that of the EG-PEDOT:PSS film
changes systematically. The absorption maximum near
600 nm for EG-PEDOT:PSS film at K0.7 V is about 40%
higher than the untreated film, and the band near 900 nm
almost disappears. In contrast, the untreated PEDOT:PSS
film still has relatively high absorption at around 900 nm
even at K0.7 V. This suggests that the polymer film may
not be completely reduced. Garreay et al. also found that
PEDOT could not be completely reduced by the electro-
chemical method [19]. The difference in the in situ
absorption spectra of the PEDOT:PSS film before and
after the EG treatment could be attributed to the EG effect
on the conformation of the PEDOT chains. Apparently, the
PEDOT chains with linear conformation are reduced at a
potential greater than K0.2 V. However, after they are
   
Scheme 2. Scheme of transformation of the PEDOT chain from the benzoid to the quinoid structure. The ‘dot’ and ‘plus’ represents the unpaired electron and
positive charge on the PEDOT chain, respectively.
Scheme 3. Schematic conformation of a PEDOT chain in untreated
PEDOT:PSS. The PEDOT chain has coil conformation at region (a) and (c),
and linear conformation at region (b).
Fig. 2. Temperature dependence of the normalized resistance of
PEDOT:PSS films treated with (a) untreated, (b) NMP, (c) DMSO, and
(d) ethylene glycol (EG). The resistances are normalized to that at 100 K.
J. Ouyang et al. / Polymer 45 (2004) 8443–84508446
Figure 2.5: PEDOT conformational change from benzoid to quinoid structure, shifting the dou-
ble bonds from the inter-monomer carbon-carbon bonds to the thiophene ring. The structural
change increases interconnectivity between the PEDOT chains in the PEDOT-rich domain in
the centre-region of PEDOT:PSS colloidal particles. The conformational change increased the
pi conjugation cloud, and thus the charge sharing capability of each PEDOT chain, i.e. the
conductivity [12].
Chapter 3
Fabrication techniques and
optimisation for a highly efficient
PEDOT:PSS antenna
3.1 Abstract
A high performance polymeric RFID antenna was realised using an optimised PEDOT:PSS
film fabrication technique developed for this application. Preserving the high conductivity
of PEDOT:PSS with increasing film thickness has been extremely difficult due to the highly
complex nanostructure of PEDOT:PSS and the competing mechanisms of PEDOT-PSS phase
separation, PEDOT chain conformational relaxation and solvent evaporation during the dry-
ing process. Traditional methods of cosolvent addition and post-processing rinsing had minor
effects on the conductivity and reproducibility. Soaking the free-standing PEDOT:PSS films
in ethylene glycol for 1 hour was found to increase the film conductivity by up to 25% by sig-
nificantly relaxing the tightly wound PEDOT chain conformation, increasing phase separation
between the PEDOT and PSS, and removing excess PSS from the film.
Polymeric antennas have previously failed to achieve high efficiencies due to their insufficient
10
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conductivity, and the difficulty scaling thickness without diminishing conductivity. In this
study, a dipole antenna optimised for 2.45 GHz was fabricated from ethylene glycol treated
PEDOT:PSS prepared using this newly optimised method. The antenna performed near equiv-
alently with an identical copper reference antenna, achieving 98.9% radiation efficiency over
the operational bandwidth of 2.3-2.7 GHz, with a peak efficiency of 99.7% radiation efficiency
at 2.5 GHz. By controlling the nanostructure of the PEDOT:PSS film during fabrication, an
RFID antenna was produced with equivalent performance to the copper reference, a novel result
in polymeric antennas.
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3.2 Chapter introduction
3.2.1 Introduction
Planar polymer antennas have the potential for mechanical and conformational capability that
traditional metal antennas cannot achieve. A thin sheet of metal, usually copper, used as an
antenna is susceptible to micro-fracturing during any kind of conformational pressure, hence
the sheet is mounted to a rigid substrate. Micro-fracturing both reduces the antenna effective
length, and causes other electrical interference with antenna operation, effectively ending effi-
cient operation of the antenna. Polymer films are prominently flexible, capable of significant
non-destructive mechanical conformability whilst retaining functionality. Introducing antenna
design to the capability of flexible, stretchable, mechanically resilient RFID antennas opens the
field to a host of new applications, such as easily wearable and implantable antenna technology,
and further development in commercial and military applications, such as inventory.
PEDOT:PSS 
›  Poly(3,4-ethylenedioxithiophene):poly(styrene sulfonate) (PEDOT:PSS) 
has been one of the most successful conductive olymer  
-  Reasonably high conductivity (over 3000 S/cm) 
-  Reconfigurable (Switchable) 
-  High transparancy 
-  Printable 
-  Flexible 
-  Bio-compatible 
-  Water soluble 
-  Commercially available 
-  Most popular choice for electrochromics, conductive electrochemical switches 
and solar cells 
9 
What is PEDOT:PSS? 
Flexible PEDOT:PSS Solar Cell 
Hogan, H. 2008. Flexible Connections for Flexible Solar Cells. Photonics.com. Acc: 13 Nov, 2014. 
Figure 3.1: Flexible antenna prototypes. [13]
PEDOT:PSS (polyethylenedioxythiophene:polystyrene sulfonate) is a high conductivity, com-
mer ially available polymer popular in organic electronics research. Commercial production is
favourable due to the accessibility and consistency between batches. Under certain conditions
PEDOT:PSS has achieved over 3000 S cm−1, making it highly competitive in the conductive
polymers field and a clear candidate for an antenna material.
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Figure 3.2: Copper antenna fracturing. [14]
The focus of this study is the development of a novel technique for fabricating PEDOT:PSS films
to produce highly efficient RFID antennas. The challenge is in overcoming well-documented
difficulties in scaling up film thickness whilst preserving conductivity - two key parameters for
an effective antenna. The PEDOT:PSS films were characterised by bulk conductivity, morpho-
logical changes to the PEDOT:PSS nanostructure, compositional changes to the PEDOT:PSS
film, and final-product antenna radiation efficiency.
3.2.2 Motivation
Increased interest in flexible technology has rapidly diversified the applications in polymer elec-
tronics. Producing materials that retain plastic-like mechanical conformation and durability
14Chapter 3. Fabrication techniques and optimisation for a highly efficient PEDOT:PSS antenna
(a) Typical RFID tag in retail clothing.
(b) Typical RFID tag in retail clothing,
antenna.
(c) Tollroad RFID tag
(d) Implantable RFID microchip for do-
mestic pets
Figure 3.3: We are surrounded by RFID devices, from clothing to cars to even pets. These
devices all have rigid antennas, often with a ”Do Not Bend” label.
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whilst demonstrating high electrical performance can diversify existing industries as well as de-
veloping new ones. In the case of flexible, stretchable antenna devices, wearable and implantable
devices could significantly change the way we live our lives on a day-to-day basis.
Motivation 
6 
Physics, UNSW. Introduction to Organic Electronics. http://newt.phys.unsw.edu.au/~arh/background/Organic%20Electronics/Organics.html. Acc:16 Nov, 2015. 
Chernova, Y. 2012. Are Wearable Flexible Electronics the Next Big Thing? MC10 Says So, Venture Capital Dispatch. Acc:16 Nov, 2015. 
Francis, M. 2012. Bend me, shape me: flexible electronics perform under punishing conditions. ARS Technica. Acc:16 Nov, 2015. 
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›  Flexible, wearable electronics 
are a key field of research for 
the future 
›  Conductive polymers have a 
key role due to the variety of 
properties available 
›  Substantial progress has 
been made in printable 
electronics 
›  However some key 
components are yet to be 
developed 
Figure 3.4: Flexible antenna prototypes. [15–18]
There is significant difficulty, however, in realising this flexible antenna potential. Nanoscale
factors affect the conductivity in such a way that can make scaling difficult. Antenna devices
require both substantial thickness and high conductivity to operate efficiently. PEDOT:PSS
is a strong contender for a flexible carbon-based antenna due to its reasonable efficiency at
7 µm film thickness (26.6%), and the many advanced treatment methods shown to increase
bulk conductivity. Though substantial research has been conducted on PEDOT:PSS, almost
all literature has focused on sub-micron thick PEDOT:PSS films. Antennas will require much
thicker films as the radiation efficiency is highly dependent on both thickness and conductivity.
The PEDOT:PSS morphology is dependent on a highly complex series of interactions between
competing processes. The nanostructures have multiple means of increasing overall conduc-
tivity, which can be exploited by introducing polar cosolvents to the aqueous PEDOT:PSS
formulation, and by using a variety of post-deposition treatments. Further, PEDOT:PSS films
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can form a low conductivity PSS layer, particularly destructive to antenna operation. These
surface effects can be modified by a post-deposition bath in various polar solvents.
PEDOT:PSS may be the next step in realising flexible, durable circuitry with a wide scope for
applications. Wearable and implanted RFIDs are widely practical, with interest from many
industries such as military inventory management and medicine. Further work is required to
develop fabrication techniques for highly efficient PEDOT:PSS antennas.
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3.3 Literature Review
3.3.1 Introduction
Recently there has been significant interest polymeric materials in planar antenna design [6–
8, 42–47]. When fabricated in a manner that preserves plastic-like mechanical properties these
antennas can bring new practicality to existing industries [8]. Modern electronic devices requir-
ing an antenna will unwaveringly use a metallic antenna, the standard used widely around the
world with little to no alternatives for most applications [6, 8, 42]. However, under mechanical
stress metallic antennas degrade quickly, particularly under conformational stress, eliminating
their potential use in devices such as flexible RFIDs [8]. Flexible, stretchable, wearable or
surgically implanted RFIDs could significantly change the way we interact with technology and
the wider world [8].
Fabrication of highly efficient carbon-based antennas is a challenging process for a multitude
of reasons [7, 8]. Material permeability, conductivity and film thickness influence the quality
of a potential antenna, with a specific emphasis on the latter two [6, 7, 42]. Poor conductors,
such as most carbon based materials, require increased thickness to allow sufficient electrical
interaction with the signal wave [8]. A commonly used copper antenna, often 17 µm thick, has a
radiation efficiency of 96 % [7, 8]. Polypyrrole antennas, for example, have demonstrated signif-
icant potential for carbon and polymer based antennas in radiofrequency identification (RFID)
design, achieving almost 80 % radiation efficiency, with a thickness of 158 µm [8]. The same
study found a 7 µm polyethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS) antenna
achieved 26.6 % radiation efficiency under the same circumstances. Examining the thicknesses
in conjunction with the antenna efficiencies, PEDOT:PSS becomes a strong candidate for an
efficient polymer antenna material [8].
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3.3.2 Materials
Many materials have been investigated for carbon-based antenna fabrication. Carbon nan-
otubes, graphene oxide, various polymers, nanowires (NW) and composites of multiple materials
have been of great interest in developing antenna flexibility and stretchability[6–8, 29, 42–52].
Graphene, graphene oxide, reduced graphene oxide (rGO) and other graphene based films have
been demonstrated as reasonable antenna materials in the terahertz frequency region due to
their high conductivity and ultra-thin film favourability [44, 47, 48, 53], as thinner films favour
higher frequencies. Tamagnone et al. [48] created a graphene-stack terahertz antenna in the
order of 100 nm thickness. At 1.8 THz and radiation efficiency below 20%, the output was
impressive for the size, however increasing the thickness of the design was impractical due
to capacitive and quantum effects, and difficulties scaling graphene [48]. Llatser et al. [47]
presented a similar thickness graphene nano-patch antenna, with lesser efficiency optimised
around 1.5 THz. Both [48] and Llatser et al. [47] experienced considerable resonant tunability
despite low absolute radiation efficiency. Similar techniques by Fang et al. [53] were used
to develop a graphene-based light-harvesting antenna with 20% efficiency. Carbon nanotube
antenna modelling also tends to favour the terahertz frequency [48, 49, 54–56]. Though nano-
scale carbon nanotube films have been fabricated, a successful, efficient antenna hasn’t yet
been realised [57]. Hanson and Member [49] fabricated multiple carbon nanotubes (CNT)
antennas using different CNT lengths and tested response over frequency range 0-3 THz, though
efficiencies never exceeded a fraction of a percent.
Graphene and CNT based materials are not functional at low energy radiowave frequencies,
required for RFIDs. The carbonaceous materials are fabricated as thin films and difficult to
scale up in thickness, however the films are capable of withstanding higher energy frequencies.
Attiya [55] modelled the lowest frequency at which a CNT antenna can operate effectively, 100
GHz. Thus these materials are not suitable for RFID antennas.
To address the consistent antenna efficiency, thickness scaling and mechanical durability chal-
lenges with graphite and CNT designs, various methods and compositions have been formulated
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including flexible polymers. Taking advantage of polymer flexibility, a graphene-polyaniline-
polystyrenesulfonate composite antenna was fabricated by Shin et al. [44] for sub-gigahertz
applications. The antenna impressively reported 98.5% radiation efficiency in a thicker, 70 µm
film [44]. The target frequency of 900 MHz responded well, however the operational bandwidth
was very small at 28.7 MHz, suggesting use as a low energy detector [44]. Whilst the bending
response was favourable, 6% loss at 30◦, the surface resistance doubled after 500 30◦ bending
cycles. Song et al. [45] fabricated 500 µm silver nanowire/polydimethylsiloxane (PDMS) an-
tennas tuned to 3 and 6 GHz and placed under tensile stress. A maximum of 67% radiation
efficiency was recorded, and a substantial decrease in operational bandwidth and peak gain
was recorded with as little as 6% tensile strain. Interestingly, though gain continues to reduce,
operational bandwidth (below -10 dB) began to increase with higher strain. Silver ink was
also used by Kang et al. [58] in producing a roll-to-roll gravure printable sensor signage device,
in a massive scale-up of printable antenna devices. The 13.56 MHz, 75 µm antenna man-
aged to provide enough DC current to reduce PEDOT:PSS and display an electrochromic logo
[58], however the flexible, printable antenna was the most difficult component of the design.
Janeczek et al. [43] examined antennas fabricated from a series of materials printed with poly-
mer pastes [43]. Silver flakes, silver nanopowder and carbon nanotubes (CNT) were added to
PEDOT:PSS and printed onto a flexible substrate to thicknesses of 1-35 µm [43]. The 1.13 µm
PEDOT:PSS film performed poorly in both conductivity and antenna radiation efficiency. The
highest efficiency, 9.3%, was achieved by silver nanoparticles, at a thickness of 1.0 µm. Janeczek
et al. [46] later found PEDOT:PSS was the least thermally durable of these antenna materials,
significantly losing conductivity after a single 65◦C thermal cycle. Liu et al. [59] produced a
substantial 2000 µm PEDOT-Reduced Graphene Oxide-Co3O4 film with excellent reflection
coefficient loss of -51 dB, i.e. excellent signal acceptance by the antenna, and a very wide
3.1 GHz operational bandwidth, as expected from the substantial thickness. Unfortunately
radiation efficiency testing was not performed. The majority of these antennas have insufficient
conductivity and thickness to compete with copper antennas at RFID frequencies, maintain-
ing flexibility and mechanical durability. Pure polymeric antennas, however, have shown some
significant potential.
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Polypyrrole (PPy) has received significant attention in antenna design [6, 7, 29, 42, 50–52].
Radiation efficiency of up to 80% has been recorded over an ultra-wide band spectrum for a
158 µm PPy film [8]. Lower efficiencies have been measured for thinner films, with a clear
decrease in efficiency with lesser film thickness [6–8, 42]. Verma et al. [42] produced a 120 µm,
20 S cm−1 PPy microstrip patch antenna optimised for 2 GHz. The 60% radiation efficiency
is explained by 2 GHz skin depth of over twice the antenna thickness, 251.6 µm. Verma et al.
[6] further looked at the effect of thickness and conductivity on antenna efficiency, the results
presented in Table 3.1. Skin depth is a measure of the capability of a particular material to
accept an incoming signal. It is measured in distance, the more skin depths a film contains,
the better the antenna performance.
Table 3.1: Verma et al. [6] thickness, conductivity and antenna efficiency of PPy microstrip
antennas
Film Thickness (µm) Resistivity (Ω/2) Radiation Efficiency
40 3.57 38.5%
50 5.56 47.8%
90 10.0 52.3%
140 12.5 64.8%
The 4.5 GHz microstrip antennas were all below one skin depth, 168 µm, with conductivity
of 20 S cm−1. This explains the performance of the antennas, with their radiation efficiency
increasing with thickness as expected. Greater conductivity and/or thickness will improve this
efficiency [6].
Verma et al. [7] further compared PPy and PEDOT:PSS micropatch antennas. The PE-
DOT:PSS film was inkjet printed, and therefore had difficulties achieving an appropriate an-
tenna thickness, shown in Table 3.2.
Clearly, given the greater than ten fold difference in thickness, the PEDOT:PSS antenna per-
forms extremely well compared to the PPy antenna, highlighting the potential for PEOT:PSS
antennas if thicker films can be fabricated [7]. The same research team further compared even
thicker PPy and printed PEDOT as an ultra-wideband antenna from 3.1-10.6 GHz, 3.3.
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Table 3.2: Verma et al. [7] thickness, conductivity and antenna efficiency of PPy vs PEDOT:PSS
micropatch antennas
PPy PEDOT
Sheet resistance (Ω/2) 5.56 14.28%
Conductivity (S cm−1) 20 100
Thickness (µm) 90 7
Radiation efficiency 48.16% 33.63%
Skin Depth (µm) 145 65
Table 3.3: Kaufmann et al. [8] thickness, conductivity and antenna efficiency of PPy vs PE-
DOT:PSS ultra-wideband antennas
PPy PEDOT
Conductivity (S cm−1) 27.2 160
Thickness (µm) 158 7
Radiation efficiency 80% 26.6%
Skin Depth @3.1GHz (µm) 173.3 71.5
Skin Depth @10.6GHz (µm) 93.7 38.6
The PEDOT:PSS performed reasonably well given the difficulty in printing to micron-scale
thickness, however the PPy responds well to increased thickness, up to 80% radiation efficiency.
The antenna, however, is still below one skin depth thickness. Increasing the skin depths
increases the efficiency of the current density response to the incoming frequency, increasing
the antenna efficiency [8].
Examining the performance of PPy we see a strong increase in radiation efficiency with film
thickness. However PPy conductivity appears to be a limiting factor. Printed, 7 µm PE-
DOT:PSS antennas perform surprisingly well, 26-33% antenna efficiency, almost equivalent to
90 µm PPy antennas. Comparing conductivities directly, [60] printed a 1 µm PEDOT:PSS 160
S cm−1 film, versus a 1 S cm−1 PPy film of the same thickness, printed in the same manner.
PEDOT:PSS was 160 times more conductive than PPy when directly compared. If thicker
PEDOT:PSS films can be fabricated, their antenna performance may well exceed the 80% of
158 µm PPy. PEDOT:PSS has been documented reaching over 3000 S cm−1 as nanometre-
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scale films [26, 27]. However, high conductivity, micron-scale PEDOT:PSS films are difficult to
fabricate due to several competing processes as the film dries, influencing the final morphology.
The solution may lie in the conductivity enhancements that can be achieved using different
fabrication techniques [7–11, 26, 30–36]. PEDOT:PSS morphology and fabrication challenges
were was discussed in detail in Chapter 2.
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3.3.3 Cosolvent effects
PEDOT:PSS conductivity is highly dependent on the extent of PEDOT-PSS phase separa-
tion and PEDOT chain conformational elongation, induced by exposure to polar solvents and
various post-processint treatment methods. Strong, polar, high dielectric constant cosolvent
modification in PEDOT:PSS formulation is a popular means of increasing film conductivity [7–
11, 26, 30–36, 36]. Many studies and significant effort have been directed at understanding the
effect of polar cosolvents on PEDOT:PSS morphology, in an effort to maximise PEDOT:PSS
conductivity [7–11, 26, 30–36]. The cosolvents do not function as secondary dopants, rather a
means of nanostructural reorientation [61].
Many polar solvents, such as DMSO, ethylene glycol (EG), diethylene glycol, glycerol, sorbitol,
xylitol, N-Methyl-2-pyrrolidinone etc. have been explored, all of which improve conductivity
well above pristine PEDOT:PSS films [7–11, 26, 29–36]. However, not all conductivity in-
creases arise from the same conduction mechanism [9–11, 26, 30–36, 41]. Palumbiny et al. [9]
used SEM and X-ray scattering to examine morphological changes in PEDOT:PSS films with
the addition of glycerol and ethylene glycol [9]. Glycerol was added as a cosolvent, and ethylene
glycol used in a post-deposition, post-anneal bath [9]. Conductivity was increased significantly
due to both treatments, achieving conductivities of over 1000 S cm−1 over neat PEDOT:PSS
conductivity of 0.3 S cm−1[9–11, 30–32, 36]. The glycerol cosolvent increased face-on molecule
crystallinity within the PEDOT-rich domains, while the ethylene glycol treatment enhanced
edge on crystallinity within the same region. Both techniques ruptured the PEDOT-rich do-
mains, reorienting the PEDOT chains and significantly changing the native morphology [9, 11].
Intra-grain PEDOT chains were greatly crystallised in smaller domains of higher density by
both glycerol and ethylene glycol [9]. Excess PSS was selectively separated from the PEDOT-
rich domains, while the post-process ethylene glycol bath also helped to remove excess PSS
[9–11, 26, 30–36, 38, 41, 62].
Similar cosolvent addition conductivity results have been found for many different treatment
methods. Ochiai et al. [31] increased 51-57 nm PEDOT:PSS film conductivity from 0.5 to
495 and 517 S cm−1 using 4% DMSO and EG cosolvents respectively. Twice further layering
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of PEDOT:PSS/EG formulation led to a 154 nm film of 724 S cm−1 [31]. Alemu Mengistie
et al. [30] found conductivity to be affected by the molecular weight of the cosolvent, with
improvement from 0.3 to 805 S cm−1 using poly(ethylene glycol) (PEG), and 640 S cm−1 for
ethylene glycol [30]. High molecular weight PEG suffered reduced mobility within the tightly
networked drying film. However sub-400 PEG and EG greatly encouraged phase separation
between PEDOT and PSS, and reorientation of the PEDOT chains led to larger and more con-
ductive PEDOT:PSS grains [30]. Gasiorowski et al. [32] presented similar conductivity results
in testing the effect of DMSO cosolvent at 5, 10, 15 and 20% (v/v) on 100 nm PEDOT:PSS
films. The maximum conductivity was found at 966 S cm−1 with 10% (v/v) DMSO cosolvent
[32], and Laskarakis et al. [33] also used 6% DMSO cosolvent to attain 723 S cm−1 from an
85 nm PEDOT:PSS [33]. Laskarakis et al. [33] further found post-fabrication annealing to have
significantly lesser effect than the addition of a polar cosolvent, confirmed by Nardes et al. [61].
Timpanaro et al. [37] found 2.5% sorbitol increased conductivity by two orders of magnitude to
200 S cm−1, while Nardes et al. [61] and Huang et al. [63] found addition of 5% sorbitol cosolvent
increased PEDOT:PSS conductivity by three orders of magnitude, ten fold more effective than
glycerol at the same concentration [63]. Sorbitol cosolvent and annealing to evaporate excess
sorbitol was also found to substantially increase the environmental stability of PEDOT:PSS
[61]. Atmospheric water uptake was significantly reduced due to denser packing of the PE-
DOT:PSS colloidal particles, an important mechanism in the degradation of PEDOT:PSS films
[61, 64, 65]. Interestingly, [66] found that addition of graphene to PEDOT:PSS to fabricate a
32 nm film doubled the film conductivity, and increasing the mechanical strength of the film
by 6 fold. Wu et al. [67] suggests this is due to increased phase separation by graphene-sheet
functional groups, with much more significant increase in conductivity realised using reduced
graphene oxide rather than graphene - up to 800 S cm−1 [67].
Alemu et al. [11] used various alcohol baths and facial post-deposition treatment to substantially
increase conductivity of 50 nm PEDOT:PSS films. Methanol was significantly more effective
than ethanol or propanol, increasing conductivity from 0.3 to 1362 S cm−1 [11]. Yeo et al.
[10] examined the effect of a multiple step DMSO treatment in a polar solvent vapour anneal
method (PVSA) [10]. DMSO was added to the spin-coat formulation of PH1000, then rapidly
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evaporated at 150◦C prior to spin coating the pure PH1000 onto glass substrates, at thickness of
roughly 90 nm [10]. Rather than drying the still-wet film, the film was subjected to a vaporised
DMSO treatment, vapour annealing, for varying lengths of time [10]. Finally the films were
annealed at 150◦C under atmospheric conditions for 30 minutes [10]. The resulting PVSA
treated films were significantly more conductive than the standard solvent additive method,
1057 S cm−1 compared to 820 S cm−1 [10]. The PVSA method induced significant phase
separation between PEDOT and excess PSS, which formed a highly enriched layer on the top
surface of the film [9, 10]. Using Raman Spectra, the authors showed a significant change in
the PEDOT-to-PSS ratio at the surface [10]. Less excess PSS on the surface resulted in better
three-dimensional conductivity between the PEDOT chains[10, 34].
The overwhelming majority of research has focused on 10-100 nm thick films, however the
feasibility of an antenna depends on more than raw conductivity [6–8, 42]. Thicker PEDOT:PSS
films present two significant challenges: thick films are more fragile due to hydrogen bonding
between sulfonic acid groups on the PSS chains causing brittle, unstable structure [30, 61, 68,
69]; and thick films are subject to substantial disordering and uncontrolled PSS migration,
disrupting the conductive structures within the film [61]. Film thickness is highly influential
on antenna radiation efficiency, as the signal wave needs to interact with a certain depth of
film, depending on frequency [6–8, 42]. The thicker the film, the more interaction with the
signal frequency. Chen et al. [29] observed a 2-5 fold increase in conductivity when N-Methyl-
2-pyrrolidinone (NMP) was added to PEDOT:PSS nanofibres (NF) on 1 µm PEDOT:PSS films.
Li et al. [34] attempted to expand on film thickness with drop-cast 100 µm PEDOT:PSS films
to determine suitability for flexible organic electronics [34]. With 50% xylitol, the resulting films
had conductivity of 114 S cm−1, a substantial increase over 0.46 S cm−1 neat PEDOT:PSS
films [34]. A thick PSS layer was observed on the top surface above the colloidal particles,
however high temperature annealing appeared to homogenise the excess PSS within the film
[34], further increasing the conductivity of a 14 µm film, made using the same method, from 115
to 407 S cm−1 [69]. XRD confirmed two substantial improvements from the xylitol: limiting
hydrogen bonding between the sulfonic acid groups on PSS, the primary bonding mechanism
between PEDOT:PSS granules, permanently increasing flexibility; and increasing charge carrier
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mobility between adjacent PEDOT:PSS granules, significantly improving overall conductivity
[34, 64, 65, 68–70]. Ouyang et al. [12] observed ethylene glycol cosolvent increased conductivity
from 0.4 to 200 S cm−1, substantially more than DMSO and a series of other organic solvents,
noting conductivity increase only occurred when a solvent with two or more polar groups
per molecule. Kara and Frey [38] used DMSO and EG cosolvents at 5% in formulation to
treat PEDOT:PSS nanofibres. DMSO cosolvent increased the conductivity by 15 fold, however
ethylene glycol had a thirty fold increase on electrical conductivity.
These studies represent a cross-section of many different, widely varying techniques, and many
different additives, however the effect on morphology is remarkably similar: larger grain sizes,
lower inter grain hopping barriers, increases the conductivity of the film as a whole [37, 63]
[9–11, 26, 30–36, 38, 41, 62]. The literature is quite conclusive on cosolvents: adding 5%
ethylene glycol cosolvent to the PEDOT:PSS formulation is the optimum means to increase
the conductivity and mechanical flexibility of a PEDOT:PSS film - at least at the 100 nm
scale [11, 30, 38, 40, 71].
3.3.4 Post-deposition treatments
As discussed in Section 3.3.3, post-deposition and post-anneal treatments can have a substan-
tial effect on the conductivity of PEDOT:PSS. Even water washing a dried film was found to
increase conductivity by 50% due to removal of excess PSS, while leaving the tightly bound
PEDOT:PSS domains were unaffected [68]. Xia et al. [35] noted a difficulty in increasing a 109
nm PEDOT:PSS film conductivity above 1200 S cm−1 using conventional cosolvent methods
[35, 72]. Various experimentation demonstrated that post-deposition treatment of sulfuric acid
(SA) dramatically increased conductivity, well beyond the enhancements provided by cosolvent
and other post-deposition results [35]. Initially 0.05 and 1.0 M treatments produced over 1000
and 2000 S cm−1 PEDOT:PSS films respectively [35]. Maximum conductivity was achieved at
1.5 M sulfuric acid, an impressive 2400 S cm−1. By altering the temperature of the treatment
and using multiple coatings, an optimal combination of 160◦C anneal temperature and three
distinct treatments of 1.5 M sulfuric acid produced 3065 S cm−1 [35], a strikingly high con-
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ductivity result from a PEDOT:PSS film. Conductivity enhancement was due to protonation
of the PSS chains allowing for highly efficient phase separation, and conformational changes
within the PEDOT chains towards a more linear structure [35]. Further, the excess PSS was
removed from the film surface during the washing phase, increasing the PEDOT-to-PSS ratio
within the film [35].
Following on from the promising sulfuric acid treatment findings, Mengistie et al. [36] examined
the effect of formic acid on 100 nm PEDOT:PSS films [36]. Formic acid was dropped on pre-
annealed films at 140◦C for 5 minutes prior to the film being washed with water [36]. Lower
concentrations of formic acid dramatically enhanced conductivity [36]. Conductivity increased
more slowly above 10 M with peak conductivity at 26 M of 2050 S cm−1 [36]. For the first
time, almost 100% concentrated acid was used on PEDOT:PSS while preserving favourable
physical characteristics of the film, such as optical transmittance and mechanical stability [36].
Increased carrier concentration, substantial phase separation and removal of 62% of PSS were
the most influential factors enhancing conductivity [36].
Ouyang [26] continued on from the discovery made by their group, examining a series of mild
and weak organic acids, observing a drastically improved conductivity with post processing
treatments [12, 26, 35]. Experimentation with a range of organic acids showed that the conduc-
tivity increase was highly dependent on various physical properties of the acids, such as boiling
point, dielectric constant and molecular weight [26]. A series of 50 nm films were soaked with
several organic acids at high temperature, with all acids increasing the conductivity of the films
[26]. Dissociation constant was found to highly influence the improvement in conductivity, as
was the acid boiling point [26]. Methanesulfonic acid (MSA) had the lowest dissociation con-
stant and the greatest conductivity increase (2870 S cm−1 with 0.5 molar MSA), and butyric
and acetic acids had the lowest conductivity increase (740 and 450 S cm−1 respectively, using
0.5 molar solutions) [26]. However, malonic acid has a higher dissociation constant than ox-
alic acid, and resulted in a higher conductivity [26]. This was due to the 160◦C application
temperature exceeding the melting point of malonic acid, hence the malonic acid was able to
uniformly wet the surface and widely affect the PEDOT:PSS structure [26]. The maximum
conductivity found was 3300 S cm−1, using 8 M MSA [26]. The mechanism for increased con-
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ductivity was the same as for sulfuric acid treatment [26, 35] however the use of mild and weak
acids is preferential over harsher alternatives, such as sulfuric acid [26, 36].
3.3.5 Summary
Current literature suggests that a highly efficient, non-metal antenna may be realised in the near
future. PEDOT:PSS is a likely contender due to its reasonable efficiency at 7 µm film thickness
scale, and the many advanced treatment methods shown to increase bulk conductivity. Though
substantial research has been conducted on PEDOT:PSS, almost the entirety of literature
has focused on sub-micron PEDOT:PSS films. Antennas will require much thicker films as
the efficiency is highly dependent on both thickness and conductivity, however increasing the
thickness of PEDOT:PSS films whilst retaining conductivity is challenging.
PEDOT:PSS morphology is dependent on a highly complex series of interactions between com-
peting processes. The nanostructures have multiple means of increasing overall conductivity,
and these can be exploited by introducing polar cosolvents and a variety of post deposition
treatments. Further, PEDOT:PSS films often form a low conductivity PSS layer, which can be
redistributed within the film by cosolvents, annealing, post deposition treatments, and largely
removed by a post-deposition bath in various polar solvents.
PEDOT:PSS antennas may be the next step in creating flexible, durable RFIDs. Wearable
and implanted RFIDs have great practical potential, with interest from many industries such
as military services, inventory management and medicine. Further work is required to develop
efficient, practical fabrication techniques to produce practical PEDOT:PSS antennas.
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3.4 Methodology
A comprehensive, systematic series of experiments was undertaken to examine different methods
of reliably and consistently fabricating high conductivity PEDOT:PSS films. Ethylene glycol
was found to produce the most consistent films at low drying temperatures.
3.4.1 Materials
PEDOT:PSS is commercially available as many different formulations. Clevios PH1000, made
by Heraeus, contains 1.0-1.3% solids by weight, and is extensively used in the literature as a
benchmark for PEDOT:PSS films. Heraeus claims 850 S cm−1 when making a thin, nano-scale
film, including 5% Dimethyl Sulfoxide (DMSO) in the formulation [73]. Some authors have
claimed over 3000 S cm−1 with the PH1000, using highly optimised cosolvent addition and
post-processing techniques [26, 36].
Clevios PH510 is a less conductive formulation of PEDOT:PSS from Heraeus, at 1.5% solids
concentration. The manufacturer advertises conductivity up to 500 S cm−1 when dried as a
film with 5% DMSO [73]. This was used in various experimental trials to determine an effective
method of forming and drying a PEDOT:PSS film.
Orgacon Dry is a dry pellet form of PEDOT:PSS, ready for dispersion in water or most organic
solvents. With a maximum conductivity of 50-100 S cm−1, 1-3% dispersions of Orgacon Dry
with 5% ethylene glycol were exclusively used in the early stages of fabrication technique
development determining drying times, temperatures, and mould material suitability.
PH1000 and PH510 were sourced from Heraeus directly. Orgacon Dry, ethylene glycol, ethanol,
methanol, xylitol, DMSO, were sourced from Sigma Aldrich.
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3.4.2 Annealing method
PEDOT:PSS films were fabricated using PH1000, PH510 or Orgacon Dry, or a composite of the
formulations, either neat or with the addition of an organic solvent such as ethylene glycol. The
formulation was added using a syringe or pipette to glass edge-moulds on plastic or Kapton
sheets. In later work teflon moulds were used. The entire arrangement was customisable,
allowing different sizes and shapes of films to be produced, and treated with a teflon aerosol
spray before each film fabrication to minimise film pinning during drying and film adhesion
to the substrate. Films were dried on a hotplate from room temperature to 100◦C, over 2-48
hours. The conductivity was calculated from the sheet resistance, measured by Jandel 4-point
probe and averaged over 9-16 points, and film thickness measured by micrometer over the
same points range. This was often difficult depending on the film solvent retention, as residual
solvents would cause to contact issues.
The dried film was then annealed at 60-180◦C for 30-120 minutes to further evaporate solvents
and improve the PEDOT:PSS film morphology. The conductivity was then remeasured by
4-point probe. Once processing techniques produced reasonable conductivity the films were
fabricated into antennas.
3.4.3 Cosolvent method
Initial work investigated the comparison between PH1000, PH510 and Orgacon Dry, and com-
posites of these. As expected PH1000 consistently had the highest conductvitiy. Due to leaking
issues with the glass moulds, teflon moulds were cut from teflon sheeting using a CNC router.
A series of cosolvent tests confirmed literature findings: ethylene glycol at 5% by weight con-
centration is the optimum PEDOT:PSS formulation [11, 30, 38, 40, 71].
The PEDOT:PSS formulation was measured into a glass container, to which 5% ethylene glycol
was added. A concentration of 5% was chosen due to a) it is the recommended concentration
by Heraeus, b) 5% presents an optimum concentration for conductivity enhancement [11, 30,
38, 40, 71], and c) experimentally, 5% ethylene glycol was substantially more consistent in
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Figure 3.5: Dried PH1000 films.
fabricating dry, flexible, consistent films.
The formulation was mixed for at least 20 minutes at room temperature, before 3-8 mL was
added to the teflon coated glass or teflon moulds in 30x30 mm to 60x60 mm configuration.
The films were dried over 6-24 hours in a carefully levelled, fan forced oven at 40-100◦C with
dust protectors above the film surfaces.
The conductivity was calculated from the sheet resistance, measured by Jandel 4-point probe
and averaged over 9-16 points, and film thickness measured by micrometer over the same points
range. This was often difficult depending on the film solvent retention.
3.4.4 Ethylene glycol bath
Films of 20-100 µm thickness, and 30x30 mm area, were fabricated by drop casting a small, 3
mL alloquot into custom made teflon moulds. A thick teflon substrate supported the moulds
and minimised areas of higher temperature in the substrate due to the position of the heat
source. A fan forced oven dried the films at 50 ◦C for 24 hours. All possible attempts were
made to limit particulate contaminants from external sources, such as extensive cleaning and
dust covers.
At 50 ◦C drying temperature cosolvents are still present in the film, providing elasticity to the
PEDOT:PSS nanostructure. An over-dried film of suitable thickness for RFID applications
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suffers poor mechanical and electrical characteristics. Films overdried in this manner promote
hydrogen bonding between sulfonic acid groups of PSS on the surface of the PEDOT:PSS
colloidal particles [34], increasing the rigidity of the film structure.
Due to the extended dry time, cosolvent concentration is sufficiently low as to not severely
impact conductivity, whilst still providing some flexibility to the film [34].
The films were then divided into a control group of standard preparation, and a group for
ethylene glycol treatment. Due to the mechanics between the two polymers and cosolvents, a
significant proportion of PSS may migrate to the surface in PEDOT:PSS films [10, 26, 30]. The
prepared films were then soaked in pure (> 99%) ethylene glycol to increase phase separation
between PEDOT and PSS within the film, to improve the PEDOT chain conformation, and to
potentially remove PSS from the film. The films were then dried in a fan-forced oven at 50 ◦C.
3.4.5 Film characterisation
Fabretto et al. [74] published some conductivity measurement protocols for PEDOT:PSS. The
following procedure was a best attempt to honour their findings. Once the films were sufficiently
dried, the sheet resistance was measured using a Jandel 4-point probe over 9 or 16 points
per film. The 300 µm Jandel 4-point probe head had insufficient contact with the films,
often resulting in ”Contact Errors”. The 40 µm probe head was preferred due to difficulties
measuring the conductivity of non-smooth surface films with high PSS migration to the surface.
The thickness was measured by manual micrometer, and confirmed by optical microscopy with
a scale reference. Bulk conductivity in standard units, S cm−1, was calculated using the sheet
resistance and thickness according to the following formula:
ρ = Rs · t (3.1)
Where:
ρ = bulk resistivity in Ω · cm
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R(s) = sheet resistance, in Ω / 2
t = thickness, in cm
and
σ = 1/ρ (3.2)
Where:
σ = bulk conductivity, in standard S cm−1
Surface and cross section imaging was performed using a Zeiss Ultra Plus Scanning Electron
Microscope (SEM). Topographical imaging, phase imaging and surface roughness calculation
was performed using a Agilent Technologies 5500 Scanning Probe Microscope (AFM). The AFM
was imaged in tapping mode using soft-material focussed Nanosensors PPP-NCST probes.
Raman spectroscopy was performed using a Renishaw Raman inVia Reflex using a 514 nm
argon-ion laser source. X-ray Photoelectron Spectroscopy (XPS) spectra were performed at
the Solid State and Elemental Analysis Unit (SSEAU) at the University of New South Wales
(UNSW).
Ultraviolet-Visible Spectrophotometry was performed on a Varian Carey 500 spectrophotome-
ter, in the simple scan mode to examine the contents of ethylene glycol used for soaking each
PEDOT:PSS film. Pure ethylene glycol in a quartz cuvette was used as a baseline, and the
spectrophotometer zeroed with a blank cuvette
3.4.6 Antenna fabrication
Antennas were fabricated by colleagues at the School of Electrical and Electronic Engineering
at University of Adelaide. The PEDOT:PSS films were laser cut using a LPKF Protolaser S
into predetermined antenna designs, and simulated using CST Microwave Studio.
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Copper reference antennas were fabricated using the same method, using 60 µm copper foil for
comparison with the PEDOT:PSS films and calculation of radiation efficiency.
3.4.7 Antenna characterisation
Antennas were characterised based on their |S11| reflection coefficient, radiation patterns and
radiation efficiency. The |S11| reflection coefficient indicates the accepted power of the antenna
at a particular frequency. Radiation patterns examine the directional gain of the antenna in
the xy-, xz- and yz-planes. The antenna efficiency is the gain-directivity comparison between
the PEDOT:PSS antenna and the copper reference antenna.
Skin depth was determined using the following formula:
δ =
√
2 · ρ
(2pif)(µ0µr)
= 503 ·
√
ρ
f · µr (3.3)
Where:
δ = skin depth, in m
ρ = bulk resistivity, in Ω ·m
f = frequency of the current, in Hz
µ0 = permeability of free space constant, 4 pi x10
−7 H m−1
µr = relative magnetic permeability of the conductor material, µ0 = 1 H m
−1
Simplified to reflect experimental parameters:
δ = 503 ·
√
Rs · t
f
(3.4)
δ = bulk resistivity, in Ω · cm
R(s) = sheet resistance, in Ω / 2
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t = thickness, in cm
3.4.8 Notes and findings
1. All drying methods were a careful balance between drying enough water and cosolvent
from the film to reach a steady state film under standard lab conditions, and over-drying
the film reducing the flexibility and stretchability of the film. After substantial testing is
was found drying temperatures at or below 50◦C in a fan forced oven for 24 hours produced
consistently dry, flexible films that remained unchanged electrically and mechanically for
7 days. Drying temperature of 40◦C for 48 hours was also found to produce a consistently
dry and mechanically flexible result. Annealing above 60◦C became a balance of annealing
the film, and irreversibly damaging the desirable mechanical properties of the film.
2. Tests on multiple cosolvents with high dielectric constants confirmed the conclusion of
multiple literature sources - ethylene glycol at 5% is the most effective cosolvent. Fur-
ther it was found that 5% ethylene glycol produced more electrically and mechanically
consistent films.
3. Consistency when fabricating films is a significant difficulty with any polymer. As such,
consistency was one of the primary goals of this work. Consistency difficulty is due to the
fabrication techniques in part, small film sizes and preparation without access to clean-
rooms reduce environmental factors. PEDOT:PSS nanostructure is highly dependent on
phase migration of PSS through the film and out of the colloidal PEDOT:PSS particles.
This is a random process, however consistency was significantly improved by the addition
of 5% ethylene glycol cosolvent, and further by the ethylene glycol bath.
4. Solvent deposition annealing was not found to be effective on films of this thickness,
despite promising results in literature on nanoscale films.
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3.5 Results and Discussion
3.5.1 PEDOT:PSS ethylene glycol bath
As discussed in the Section 3.3, to make a highly efficient polymer antenna the film must
be both highly conductive and have substantial thickness. The complex nanostructure and
multicomponent interactions of drying PEDOT:PSS substantially lowers the conductivity, often
below 1 (Ω / 2 ) without deliberate modification. Here we present and optimise a novel
fabrication technique for the production of free-standing, highly flexible 40+ µm PEDOT:PSS
films and consistent conductivity over 500 S cm−1. We then compare antennas made with
previous PEDOT:PSS fabrication techniques with the novel, highly effective method.
Due to the highly complex nanostructure of PEDOT:PSS films, it is difficult to achieve con-
sistent conductivity results. This is likely due to the chaotic nanostructure formed as PE-
DOT:PSS dries. The interaction between the two polymers, PEDOT and PSS, water and
cosolvents during the drying process allows PEDOT:PSS granule movement and PEDOT/PSS
phase migration through the film challenging consistency [61]. Further edge effects, localised
drying effects and film pinning (despite using teflon moulds) generate a host of competing forces
on the film structure. Thus any improvement in conductivity is a unique improvement for each
film. Cosolvent effects assist in somewhat homogenising PSS migration, however given the sub-
stantial excess PSS this process is imperfect. It is thought the removal of this excess PSS will
assist the networking nanostructure of the film, leading to a more uniform film. Adding to the
nanostructural difficulties, the 4-point probe contact is a limiting factor at low conductivities,
at times causing difficulty in sheet resistance measurement. Further using a micrometer to
measure thickness measures the highest point in its measurement surface area, not the average
in that area, thus an overestimation. Many measurement points were taken to overcome these
instrumental drawbacks.
PEDOT:PSS films were soaked in pure ethylene glycol for 1-24 hours to determine the transient
effect of ethylene glycol soaking as a post-processing option. Ethylene glycol (5%) was added
to PH1000 as suggested by both the literature and the manufacturer [11, 30, 38, 40, 71] to
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determine the effects of soaking in ethylene glycol beyond the usual enhancement of co-solvent
addition. The films were dried in a fan-forced oven at 50◦C for 24 hours, before measuring
sheet resistance (Ω / 2 ) and film thickness (µm). The films were then soaked in ethylene
glycol for 1, 2, 3, 4, 6, 8, 12, 18 and 24 hours, prior to drying again at 50◦C for 24 hours. Final
conductivities and thicknesses were measured for conductivity calculations, and SEM, AFM
and UV-Vis were performed to characterise the films.
The PEDOT:PSS films showed a consistent response to treatment in ethylene glycol, despite
no clear relationship between increased conductivity and soak time, as shown in Figures 3.6
and Figure 3.7. All bath treatments improved the conductivity of films significantly, up to
25%. It’s worth noting this an increase over effective cosolvent treatment used for fabricating
thin PEDOT:PSS films. Such increase in conductivity is representative of a marked increase
in nanostructural ordering of PEDOT chains within PEDOT:PSS granules, and assisted phase
separation between PEDOT and PSS. A paired t-test determined the results were statistically
meaningful within the standard 5% significance level (p = 0.01).
As Figure 3.7 shows, there is no clear relationship between improved conductivity and soak time.
Each film benefitted significantly from soaking in ethylene glycol, however the improvement in
conductivity stagnates after one hour within the confidence intervals (95% confidence interval
of 3%). This is likely due to the high penetration of ethylene glycol through PEDOT:PSS, and
high dielectric constant of ethylene glycol granting rapid phase separation between the excess
PSS and the PEDOT:PSS granules.
Further research is required to determine the mechanism for rapid PSS migration, however the
data clearly indicated prolonging soak time beyond one hour had no benefit.
Nano-structural and morphological changes to the PEDOT:PSS films were characterised using
Atomic Force Microscopy (AFM). In tapping mode AFM can accurately detect the nano-
scale structure of PEDOT:PSS [10], both the arrangement of the PEDOT:PSS granules and
the elongation of the PEDOT chains. PEDOT:PSS consists of two polymers: conductive
yet hydrophobic PEDOT and Hydrophilic yet insulative PSS [30]. PEDOT is polymerised in
the presence of PSS as part of manufacture, acting as a dopant on the PEDOT molecules,
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Figure 3.6: Conductivity averaged over 4 films before soaking in ethylene glycol are shown
in blue. Averaged conductivity of the same 4 films after their soak time shown in red. The
variability between films is clearly demonstrated by the pre-bath control film conductivities.
Regardless of the initial conductivity, however, the improvement due to the ethanol bath was
clear.
increasing conductivity. Further PSS electrostatically bonds to the PEDOT polymer chains,
rendering the mixture water soluble [30]. When PEDOT:PSS is present in water it forms
tightly bound colloidal spheres of PEDOT:PSS centres, surrounded by a layer of hydrophobic
PSS [26, 30]. When the film is cast, this structure is somewhat preserved, and excess PSS is
freed to migrate throughout the film [30]. High annealing temperatures and especially the use
of a co-solvent with a high dielectric constant serve to homogenise the film and hence increase
the conductivity by reducing unhindered migration of PSS [10, 33, 34]. Further, the co-solvent
relaxes the PEDOT chains from a tightly coiled, tangled structure to a linear/extended-coil
structure that increases cross-linkage and chain contact length, the resulting extended network
increasing conductivity [10, 33]. In AFM images these structural changes present as increased
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Figure 3.7: Average conductivity increase, as a percentage, of each batch of 4 films. The
film conductivity improved up to 25%, with variation attributed to the random drying process
of PEDOT:PSS films. 95% confidence intervals show the soak time impact on conductivity
increase after one hour is statistically irrelevant.
PEDOT:PSS grain size and sharpening of the nanostructure in topographical images, and an
increase in surface roughness [10, 33, 63]. In phase images, highly conductive films appear
more linear, ”tangled” with higher contrasts between hard (PEDOT-rich) and soft (PSS-rich)
materials, as opposed to more homogenous, rounder structures in less conductive films [10].
Figure 3.8 shows the morphology of PEDOT:PSS films with unsoaked in ethylene glycol, and
soak times of 1 hour, 2 hours, 6 hours, 12 hours and 24 hours. There is a substantial change
from the unsoaked control to the one hour soaked film, in size and clarity of the PEDOT:PSS
grains, an indicator of increased conductivity due to nano-structural organisation and PSS
phase organisation. From one hour onwards there is minimal if any discernible change to the
size and regularity of the granules, indicating the ethylene glycol is no longer modifying the
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PEDOT:PSS nanostructure.
The RMS roughness values, presented in Table 3.4 are consistent with the conductivity values
and AFM topography images: the increase in roughness from the unsoaked control to the
one hour film is representative of the PEDOT:PSS granules increasing in size and clarity, and
therefore conductivity. After the initial control to one hour soak time improvement, the RMS
roughness remains fairly consistent with increased soak time. The high roughness values are
the result of the films thickness, as there is more material present below, the top surface is not
as flat as electro-spun nanometre scale films, i.e. the significant bulk of material means the
effects can be exaggerated through the thickness of the film to an extent unseen in nano-scale
films. Interestingly the RMS roughness increase from the control to the one hour soaked film
is remarkably consistent with the increase in conductivity - a 23% increase. Further research
is required to confirm this correlation, however was outside the scope of this work.
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(a) No Soak (b) 1 Hour Soak
(c) 2 Hour Soak (d) 6 Hour Soak
(e) 12 Hour Soak (f) 24 Hour Soak
Figure 3.8: AFM topographical images comparing PEDOT:PSS morphology between a control
film and PEDOT:PSS films of various soak times. The size and clarity of the PEDOT:PSS
granules are used to assess nanostructural changes within the film.
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Table 3.4: RMS roughness values of the AFM images taken of a unsoaked control PEDOT:PSS
film and PEDOT:PSS films resulting from several soak times. Higher roughness indicate in-
creases in size and clarity of the PEDOT:PSS granules.
Soak Time RMS Roughness
unsoaked 3.58
1 hour 4.42
2 hours 4.40
6 hours 4.49
12 hours 4.55
24 hours 4.40
Phase images give insight to the structural changes of PEDOT:PSS colloidal particles them-
selves, as well as the distribution of PEDOT and PSS within the film. The phase images in
Figure 3.9f are not as conclusive as the topographical ones for these films. This is likely due to
the film thickness causing substantial amounts of PSS and any other fragments to migrate to the
surface as the solvent evaporates during drying. As such, the surfaces look homogeneous when
compared to thin film AFM phase images in the literature. However, despite the thickness,
there is a noticeable difference between the control film and after one hour of ethylene glycol
soaking. The surface is much more clearly defined, and less round/puffy granules, indicating
the tightly bound PEDOT molecules have uncoiled to a notable extent. Distinct light and dark
patches indicate phase separation between PEDOT and PSS, improving the conductivity of the
PEDOT:PSS granules and therefore the film [12]. After one hour, however, the films appear to
homogenise, consistent with conductivity results.
Thin PEDOT:PSS films often have a higher concentration of PSS on the surface due to the
drying mechanics and phase migration of PSS [9, 10, 34]. This is likely more dominant on
thick films due the the increased quantity of excess PSS migration as the film dries. X-Ray
Photoelectron Spectroscopy (XPS) was used to determine the PEDOT-to-PSS ratio on the film
surfaces before and after soaking in ethylene glycol, see Figure 3.10. Commercial PH1000 itself
has a 1:2.5 PEDOT-to-PSS ratio, ie: 29% PEDOT, thus a perfectly uniform film would present
a surface PEDOT-to-PSS ratio of 29%.
3.5. Results and Discussion 43
(a) No Soak (b) 1 Hour Soak
(c) 2 Hour Soak (d) 6 Hour Soak
(e) 12 Hour Soak (f) 24 Hour Soak
Figure 3.9: AFM phase images comparing PEDOT:PSS morphology between a unsoaked control
PEDOT:PSS film and films soaked in ethylene glycol over several time periods. Increased
surface clarity indicates the relaxation of the tightly wound PEDOT chains, while distinct light
and dark patches indicate increased phase separation between PEDOT and PSS.
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Figure 3.10: Whole spectra comparing untreated PEDOT:PSS with ethylene glycol soaked
PEDOT:PSS. The spectra are dominated by similarities in the two polymers, however the
160-180 eV sulfur bonds are significantly different between the two polymers.
Figure 3.11 shows the effect of ethylene glycol bath on the XPS of PEDOT:PSS films, high-
lighting the different S2p bonds between the PEDOT and PSS structures. PEDOT molecules
exhibit peaks at 164.5 and 165.6 eV due to the sulfur atom placement on the thiophene ring of
the PEDOT monomer, whereas PSS contains sulfur as a moiety, with peaks at 168.8 and 170.0
eV . By deconvoluting the XPS spectra, these peaks can be isolated and integrated to produce
a ratio of PEDOT-to-PSS on the surface of each film film (within a few nanometers depth).
After a 1 hour of soak in ethylene glycol, the PEDOT-PSS ratio improved from a measured 29%
in the control film, to 51% after one hour soaking in ethylene glycol. The control film had the
same 29% PEDOT composition as provided in the manufacturers specifications, indicating this
method of producing thick PEDOT:PSS films eliminates the PSS surface layer that prevails in
other production methods. As well as composition change, the film decreased in thickness by
25%, together implying a substantial change in the composition of the film. Thermogravimetric
Analysis (TGA) was performed on the ethylene glycol bath solution to determine the weight
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Figure 3.11: S2P sulfur ion XPS spectra of the sulfur atom attached to the PEDOT thiophene
ring and sulfur atom as a moiety in PSS for both the control unsoaked PEDOT:PSS film and a
two hour ethylene glycol bath. Decrease in the 168.8 and 170 eV PSS-sulfur peaks and increase
in the 164.5 and 165.6 eV PEDOT-sulfur peaks indicates a change in the ratio of PEDOT and
PSS at the surface.
of solid material removed from the film. The highly accurate TGA evaporated the ethylene
glycol, and the remaining mass indicated 49 mg was removed from the 230 mg film, a very
significant 21% reduction in film mass. Ultraviolet and Visible Absorption Spectroscopy (UV-
Vis) was performed on the ethylene glycol bath solutions over different bath times to determine
the composition of solids dissolved and removed from the film, see Figure 3.12. The soak time
intensity was not normalised due to limitations on materials. Hence the UV-Vis spectra indicate
the composition of any dissolved solids, but not the quantity.
The peaks at 225 and 265 nm indicate a strong presence of PSS in the solution, Figure 3.12,
Figure 3.13 and Figure 3.14. PEDOT tends to present as a wide increasing band from 600 nm
onwards rather than individual peaks [75, 76]. With no presence of this band in any of the
soak time UV-Vis, no PEDOT has been removed from the film in the ethylene glycol soaking
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Figure 3.12: UV-Vis spectra of the ethylene glycol bath solutions of films ranging from 1 to 24
hours soak time to determine the dissolved components. Peaks at 225 and 265 nm indicate a
presence of PSS. PEDOT presents as a wide band increasing from 600 nm onwards. Absence
of this band indicates only PSS has been removed from the film during the bath process.
process - only PSS. The PEDOT-to-PSS ratio can be recalculated by subtracting the solids
in EG from the mass of the film. The treatment increased the PEDOT-to-PSS ratio in the
film from 29% to 37% by selectively removing excess PSS from the bulk film. The increase in
PEDOT ratio by reduction of excess PSS explains the substantial increase in conductivity over
the the standard co-solvent addition method for PEDOT:PSS film fabrication.
Soaking a PEDOT:PSS film in ethylene glycol substantially improves the PEDOT:PSS film
conductivity by modifying the nanostructure in two specific ways: control of PSS migration
and ultimate removal of excess PSS from the film, and conformational modification relaxing
the tightly bound PEDOT chain structure within the PEDOT:PSS granules. The conductivity
improved by up to 25%, with films consistently achieving over 500 S cm−1 at 30-40 µm thickness.
The ethylene glycol bath selectively removed excess PSS from the film, resulting in a 21%
reduction in film mass and increasing the PEDOT-to-PSS ratio from 29% to 37% within the
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Figure 3.13: UV-Vis spectra highlighting the 600-1000 nm range to determine minute presence
of PEDOT in the bath solution. Absence of any absorption response indicates no PEDOT is
present in the bath solution.
film.Interestingly the surface ratio of PEDOT-to-PSS increased to 51%, potentially due to
uneven distribution of the PSS within the film.
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Figure 3.14: UV-Vis spectra highlighting the 100-350 nm range to examine the peaks. Absorp-
tion peaks at 225 and 265 nm indicate a presence of PSS in all bath solutions. Further these
peaks are the only solution contents detected by the UV-Vis spectra. As such only PSS was
removed from the film during the bath process.
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3.5.2 RFID antenna
Antenna performance
Multiple antennas were created and tested from films made in the development of the ethylene
glycol optimised fabrication process, and one with the final film product of this fabrication
technique. The material was tested in different antenna configurations and designs, at different
frequencies, for different applications. Most of the following findings are published as journal
or conference papers, the results will be discussed here from the fabrication perspective and
clearly referenced.
To address the problem of low conductivity from micron-scale PEDOT:PSS films, initial films
were made substantially thicker to increase exposure and interaction between the film and
the incoming signal, referred to as skin depth. Increasing thickness further exacerbated the
conductivity difficulties, i.e. further exacerbated the difficulty in controlling the nanostructural
balance between polymers and co-solvents.
As discussed in Section 3.3, the efficiency of an antenna is related to the number of skin depths,
a means of quantifying the electron distribution in an AC current through a material, and
corresponding radiation performance. Specifically, one skin depth is the depth through the
antenna at which the current density response to the radiation has fallen to below a factor of
0.37 of the initial surface current density response. Thus the greater the number of skin depths
thickness though a film, the more favourable the current density distribution.
Skin depth is a function of conductivity, frequency and relative permeability of the medium.
Conductivity therefore is the key means to improve a polymeric antenna performance. The
greater the conductivity, the smaller the skin depth for a given material. Antenna efficiency is
related to skin depth and thickness, the greater number of skin depths within a particular film,
the greater the antenna efficiency. Therefore throughout this work improving the conductivity
while increasing the thickness of a particular film was the priority.
After some initial testing, an antenna was fabricated using the annealing method presented in
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the Methodology, Section 3.4. 60x60 mm glass and teflon moulds were used to dry 6 mL of
PH1000 containing 5% ethylene glycol. The film was then annealed at 130◦C to increase phase
separation between PEDOT and PSS and evaporate excess ethylene glycol absorbed by the film.
The product was a free-standing film 70 µm thick, with a conductivity of 95.3 S cm−1 - this
high conductivity and thickness film was a notable achievement at this stage of development.
It was tested by colleagues at the University of Adelaide, and published here [5].
Due to the thickness and exceptional conductivity of the film, an ultra-wideband antenna was
laser cut from the 50x50 mm film, shown in Figure 3.15. Antenna response is reduced at lower
frequencies due to increased skin depth - skin depth is inversely proportional to the square root
of frequency, Equation 3.4. Therefore examining low frequencies can provide a thorough indi-
cation of antenna performance through the radiowave frequency range, however examining a
wide range of frequencies determines the potential for use as a widely practical ultra-wideband
antenna. Ultra-wideband antennas provide a versatility to designers allowing high level opti-
misation of power consumption and data transfer rates, depending on the application.
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Fig. 1. Layout of the proposed antenna. m.
TABLE II
DIMENSIONS OF THE PROPOSED ANTENNA IN (mm)
three quarters of a skin depth at the lowest frequency and to
slightly more than two skin depths at the highest frequency of
operation. In contrast, the copper foil offers a skin depth roughly
two orders of magnitude lower than PEDOT, which promises
better performance. The substrate material is a commonly used
transparent sticky tape with thickness of only m, and as
such permittivity and loss tangent are not critical parameters
for the antenna design. Hence, a relative permittivity
and loss tangent are assumed as the values for the
sticky tape.
As discussed above, conductive polymers offer inherently
a relatively low conductivity compared to metals, while their
thickness is process-limited. Thus, the design of antennas with
high efﬁciency using these types of materials is a challenging
task [12], [13]. One of the strategies used to design the proposed
antenna is the exploitation of nonresonant structures. Compared
to non-resonant antennas, resonant antennas generally have rel-
atively high ohmic loss due to the higher current densities built
up through the resonance process [14]. By utilizing a non-reso-
nant design, the impact from the PEDOT’s limited conductivity
on the efﬁciency of our antenna can be signiﬁcantly reduced.
The proposed design is inspired by a previously reported hexag-
onal antenna [15].
The layout and dimensions of the antenna are shown in
Fig. 1 and Table II, respectively. The antenna consists of a
coplanar waveguide (CPW) feeding section and two trape-
zoidal radiating elements on a thin substrate. A CPW feeding
is adopted in order to achieve a single layer design for ease
of fabrication and high ﬂexibility. Generally antennas with
single-layer structure have less stability and isolation to elec-
tromagnetically changing environment compared to antennas
with a ground plane, but this drawback can be eliminated by
appropriate isolation techniques such as spacer, or artiﬁcial
magnetic wall.
Fig. 2. Simulated and measured reﬂection coefﬁcient of the proposed
antenna.
Fig. 3. Realized antennas. (a) The antenna made from PEDOT thin sheet.
(b) The antenna made from copper foil.
The tapered slots between the trapezoidal elements and CPW
ground planes operate as radiating structures with a predom-
inately vertical linear polarization. The tapered slots yield a
smooth and continuous characteristic impedance transition be-
tween the feeding SMA connector to free space, which ensures
the broadband performance. The substrate size is roughly a
square with 1-mm margin to the antenna outline.
The two largest dimensions of the antenna and are
inversely proportional to the lower frequency limit. The com-
bination of dimension parameters such as , ,
, and determine the tapering rate between the
trapezoidal elements and CPW ground planes which signiﬁ-
cantly inﬂuences the input impedance. The slots between the
two ground planes and the center conductor of the CPW play a
key role in the optimization of the antenna. On one hand, they
determine the characteristic impedance of the CPW which im-
pacts the antenna matching. On the other hand, and more im-
portantly in this case, their dimension signiﬁcantly affects the
losses in the transmission line. As the gap increases, the den-
sity of the coupled currents running along the edges of the CPW
slots decreases, which results in lower conduction losses. There-
fore, the requirement of good matching and radiation efﬁciency
maximization set the tradeoff for optimal width of the slot. A
parametric study of the parameter in numerical simulations
demonstrates that, as the gap increases from 0.1 mm to 1 mm,
the average predicted radiation efﬁciency increases from 60% to
90%. An optimal value of the gap is obtained through iterative
optimizations in CST Microwave Studio. The simulated reﬂec-
tion coefﬁcient of the proposed antenna with an optimal gap of
0.85 mm is shown in Fig. 2, showing a satisfactory matching
from 3 to 20 GHz.
III. EXPERIMENTAL RESULTS
In order to validate the design and simulation results, the pro-
posed PEDOT antenna has been fabricated and experimentally
characterized. An identical design realized using copper has also
Figure 3.15: Fabricated UWB antennas laser cut from a PEDOT:PSS film (a), and a copper
reference cut from copper foil (b).
The antenna was designed to maximise efficiency over the 3-20 GHz frequency range using non-
resonant structures to minimise ohmic loss - reson nt designs incorporate sta ding waves at
target frequenci s, increasing the current density at points along he antenna for non-optimised
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frequencies. High conductivity of the PEDOT:PSS film led to skin depths of 94.1 µm at the
lowest frequency, 3GHz, and 36.5 µm at the highest frequency, 20GHz. Thus the PEDOT:PSS
film ranged from .74 to 1.91 skin depths over the 3-20GHz frequency range. A planarly identical
copper reference antenna was prepared from 60 µm copper foil, with skin depths ranging from
1.20 µm to 0.46 µm at 3 GHz and 20 GHz respectively.
The reflection coefficient, |S11|, is a measure of the accepted power of the antenna. Specifically
it is the ratio of the reflected wave amplitude to input wave amplitude in a two-port network.
For a particular frequency, the accepted power of the antenna will be over 90% where the
measured |S11| is below -10dB, i.e. the antenna will convert 90% or more of the input power.
The |S11| reflection coefficient of the PEDOT:PSS antenna and copper reference antenna are
shown in Figure 3.16. The measured |S11| parameter was below -10 dB over the vast majority
of the tested frequencies. The PEDOT:PSS antenna met or exceeded 90% power efficiency
from 2.2-20 GHz, demonstrating high electrical performance over a very wide frequency range.
The simulation was performed using CST Microwave Studio 2015 and provides a means of
confirming the antenna is performing as expected given its specific characteristics. Simulated
efficiency uses parameters such as the conductivity, thickness and wavelength to predict antenna
response. The strong agreement between the simulation and experimental results are expected,
indicating no other interfering factors contributing to the experimental result.
The antenna efficiency was measured using the Wheeler cap method and shown in Figure 3.17.
Due to the very small substrate chosen, dielectric losses from the antenna are assumed insignif-
icant, thus all conduction loss is due to the PEDOT:PSS antenna material when compared
with the copper reference antenna. The radiation efficiency measured 80-90% for the major-
ity of the frequency range, becoming less stable at high frequencies, in reasonable agreement
with simulations. The conduction efficiency, the ratio of the PEDOT:PSS antenna response to
the copper control antenna response, is higher, largely within 85-90% efficiency. Further, the
average conductor efficiency between 3 and 20 GHz is 89.9%, a striking comparison between
the novel polymer material and traditional copper reference. Such comparable efficiency to an
equivalent copper antenna is a substantial step forward in polymer electronics.
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three quarters of a skin depth at the lowest frequency and to
slightly more than two skin depths at the highest frequency of
operation. In contrast, the copper foil offers a skin depth roughly
two orders of magnitude lower than PEDOT, which promises
better performance. The substrate material is a commonly used
transparent sticky tape with thickness of only m, and as
such permittivity and loss tangent are not critical parameters
for the antenna design. Hence, a relative permittivity
and loss tangent are assumed as the values for the
sticky tape.
As discussed above, conductive polymers offer inherently
a relatively low conductivity compared to metals, while their
thickness is process-limited. Thus, the design of antennas with
high efﬁciency using these types of materials is a challenging
task [12], [13]. One of the strategies used to design the proposed
antenna is the exploitation of nonresonant structures. Compared
to non-resonant antennas, resonant antennas generally have rel-
atively high ohmic loss due to the higher current densities built
up through the resonance process [14]. By utilizing a non-reso-
nant design, the impact from the PEDOT’s limited conductivity
on the efﬁciency of our antenna can be signiﬁcantly reduced.
The proposed design is inspired by a previously reported hexag-
onal antenna [15].
The layout and dimensions of the antenna are shown in
Fig. 1 and Table II, respectively. The antenna consists of a
coplanar waveguide (CPW) feeding section and two trape-
zoidal radiating elements on a thin substrate. A CPW feeding
is adopted in order to achieve a single layer design for ease
of fabrication and high ﬂexibility. Generally antennas with
single-layer structure have less stability and isolation to elec-
tromagnetically changing environment compared to antennas
with a ground plane, but this drawback can be eliminated by
appropriate isolation techniques such as spacer, or artiﬁcial
magnetic wall.
Fig. 2. Simulated and measured reﬂection coefﬁcient of the proposed
antenna.
Fig. 3. Realized antennas. (a) The antenna made from PEDOT thin sheet.
(b) The antenna made from copper foil.
The tapered slots between the trapezoidal elements and CPW
ground planes operate as radiating structures with a predom-
inately vertical linear polarization. The tapered slots yield a
smooth and continuous characteristic impedance transition be-
tween the feeding SMA connector to free space, which ensures
the broadband performance. The substrate size is roughly a
square with 1-mm margin to the antenna outline.
The two largest dimensions of the antenna and are
inversely proportional to the lower frequency limit. The com-
bination of dimension parameters such as , ,
, and determine the tapering rate between the
trapezoidal elements and CPW ground planes which signiﬁ-
cantly inﬂuences the input impedance. The slots between the
two ground planes and the center conductor of the CPW play a
key role in the optimization of the antenna. On one hand, they
determine the characteristic impedance of the CPW which im-
pacts the antenna matching. On the other hand, and more im-
portantly in this case, their dimension signiﬁcantly affects the
losses in the transmission line. As the gap increases, the den-
sity of the coupled currents running along the edges of the CPW
slots decreases, which results in lower conduction losses. There-
fore, the requirement of good matching and radiation efﬁciency
maximization set the tradeoff for optimal width of the slot. A
parametric study of the parameter in numerical simulations
demonstrates that, as the gap increases from 0.1 mm to 1 mm,
the average predicted radiation efﬁciency increases from 60% to
90%. An optimal value of the gap is obtained through iterative
optimizations in CST Microwave Studio. The simulated reﬂec-
tion coefﬁcient of the proposed antenna with an optimal gap of
0.85 mm is shown in Fig. 2, showing a satisfactory matching
from 3 to 20 GHz.
III. EXPERIMENTAL RESULTS
In order to validate the design and simulation results, the pro-
posed PEDOT antenna has been fabricated and experimentally
characterized. An identical design realized using copper has also
Figure 3.16: Reflection coefficient |S11| of the PEDOT:PSS antenna and the simulated reflec-
tion coefficient based on the polymer properties. Close agreement between the simulates and
experimental reflection coefficients indicates the antenna is performing as expected, while a sub-
stantial component of the reflection coefficient below -10 dB indicates a very wide operational
bandwidth of the PEDOT:PSS antenna.
Radiation patterns provide a method of comparing the directional response of different antennas
or at different frequencies. The patterns display two responses from the antenna: the outer
current components indicate co-polarisation of the material to the input signal, and the inner
current components indicating the cross-polarisation response to the input signal. Co-polarised
signal is directly produced from the emitter radiation, while cross-polarised signal is due to
interaction between the incoming radiation and the antenna material. Figure 3.18 shows the
radiation patterns of the PEDOT:PSS antenna and copper reference antenna at 5 and 15 GHz,
normalised to the maximum gain of both antennas.
The omnidirectional pattern in the xy-plane and zeros at θ = 0◦, 180◦ are typical dipole-like
antenna c aracteristics and thus xpected for this nt nna design. The key result however
is the close similarity between the PEDOT:PSS antenna radiation patterns with those of the
copper reference antenna. The stark similarity indicates the exceptional performance of the
PEDOT:PSS antenna, both in conductivity and as potential for a high performance antenna.
3.5. Results and Discussion 53
CHEN et al.: COMPACT, HIGHLY EFFICIENT AND FLEXIBLE POLYMER ULTRA-WIDEBAND ANTENNA 1209
Fig. 4. Antenna in various bending conditions. (a) bending upward.
(b) bending downward. (c) bending upward. (d) bending
downward.
Fig. 5. Measured reﬂection coefﬁcient of the proposed antenna under
various bending conditions. , bending upward and backward.
been manufactured, to serve as a reference for the radiation ef-
ﬁciency measurement. The two antennas are shown in Fig. 3.
To achieve accurate patterning of the structure, the PEDOT
antenna has been fabricated using a laser milling machine
(LPKF: Protolaser_S). In this process, a thin sheet of PEDOT is
ﬁrstly attached to a piece of sticky tape, which is then ﬁxed on
the cutting platform of the laser machine. Second, the antenna
is tailored from the sheet with the laser power and the focal
position adjusted so that only the PEDOT is trimmed, leaving
the sticky tape intact. Third, the redundant PEDOT pieces are
peeled off from the sheet and the excess substrate is removed.
Finally, the antenna is mounted in a ﬁxture for alignment and
connection to an SMA connector. Conductive epoxy is applied
to form a solid mechanical and electrical connection to the
connector.
As shown in Fig. 2, a reasonable agreement between the
measured and simulated reﬂection coefﬁcient is achieved, with
a measured parameter below dB over almost the
whole frequency range from 2.2 to 20 GHz. In addition to the
good electrical performance, the realized polymer antenna also
proves to have excellent mechanical characteristics similar
to plastic. The materials feature exceptional ﬂexibility and
robustness; hence, the antenna can be bent dramatically without
mechanical damage, as shown in Fig 4. The antenna has been
measured under and upward and downward bending
conditions, held in place by a piece of radome foam. This
Cuming Microwave C-Foam PF-4 is chosen as ﬁxture since
it has very similar dielectric properties (relative permittivity
and the loss tangent tan ) to air. The
measured parameter shown in Fig. 5 indicates that the
antenna bending at does not cause dramatic variations in
the matching, while ultimate bending at has detrimental
impact on the performance in the lower spectral region due
to the signiﬁcant reduction of the effective antenna length.
However, such dramatic bending is of little practical interest,
but demonstrates the ﬂexibility of the antenna.
The group delay, an important parameter quantifying pulse
distortion and far-ﬁeld phase linearity [16], has been measured
Fig. 6. Measured group delay using network analyzer.
Fig. 7. Simulated and measured radiation and conductor efﬁciency.
with 100-mm distance between two manufactured UWB an-
tennas. As shown in Fig. 6, the measured group delay variation
is less than 1 ns over the operating frequency range which indi-
cates a linear phase in the far-ﬁeld region and no sensible pulse
distortion.
The antenna radiation efﬁciency has been directly mea-
sured by using the Wheeler cap method [17] whereas the con-
duction efﬁciency has been indirectly computed by com-
paring the radiation gain performance relative to the reference
copper antenna. The dielectric loss is assumed insigniﬁcant as
a result of the very small substrate thickness. Hence, only the
conduction losses due to the limited conductivity of PEDOT are
estimated.
For the Wheeler cap method measurement, the antenna has
been placed into a rectangular closed metallic box ( mm
mm mm, copper coated) and the parameter has been
measured. The reﬂection coefﬁcient in this setup and in free
space have been used to estimate according to (7.11) in [17].
As shown in Fig. 7, the measured radiation efﬁciency is mainly
in the range between 80% and 90% in the operation spectrum.
This is in good agreement with the simulated efﬁciency which
is between 85% to 90%.
For the conduction efﬁciency estimation, the radiation perfor-
mance, namely the 2D radiation patterns in -, -plane as well
as in two planes at angles in between have been measured for
the PEDOT antenna and compared to the corresponding mea-
surements for the copper antenna. The conduction efﬁciency of
copper is assumed to be approximately 1. In this comparison,
it is assumed that the directivity of both antennas are the same,
which is conﬁrmed by the nearly identical shapes of the radia-
tion patterns. The dielectric losses are assumed to be the same
as well, due to the very thin substrate. The radiated power is
averaged over all measured angles (in standard spherical coor-
dinates) and the conduction efﬁciency can then be estimated as
follows [9]:
(1)
Figure 3.17: Radiation efficiency of the PEDOT:PSS antenna, copper reference antenna and
the conduction efficiency- the PEDOT:PSS performance relative to the copper reference an-
tenna. Strong similarity between the PEDOT:PSS and the copper reference indicate a highly
performing, highly conductive antenna material.
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Fig. 8. Radiation patterns of the copper and PEDOT antennas in -, - and
-planes at 5 GHz and 15 GHz.
The resulting conductor efﬁciency of the PEDOT is included
as a solid line in Fig. 7. As expected, the overall conduction
efﬁciency is slightly higher than the radiation efﬁciency and re-
mains between 85% to 90% over most of the operation band.
A 89.9% averaged conduction efﬁciency is measured from 3 to
20 GHz which clearly demonstrates the high efﬁciency of the
polymer antenna. Consequently, the gain of the PEDOT antenna
is expected to be between 1.1 to 4.4 dB, only around 0.5 dB
lower than copper over the operation spectrum.
The measured radiation patterns at 5 and 15 GHz are shown
in Fig. 8, normalized to the maximum gain of both antennas. As
anticipated, the patterns exhibit typical UWB dipole-like char-
acteristics with an omnidirectional pattern in the -plane and
zeros at . As the frequency approaches the higher
end of the spectrum, this dipole behavior starts to deteriorate
which is typical for this type of antenna. The prominent sim-
ilarity in the radiation patterns of the PEDOT and copper an-
tennas demonstrates again the exceptional performance of the
PEDOT antenna. Additionally, the radiation patterns of the an-
tenna with bending have been measured (not shown here).
As expected, the intensive bending has an impact on the pat-
terns and degrades the polarization purity, as bending introduces
cross-polarized current components.
IV. CONCLUSION
A compact, highly efﬁcient and ﬂexible UWB antenna has
been presented. The proposed antenna is completely fabricated
from polymer, namely a thin PEDOT layer as the conductor and
sticky tape as the substrate. As a result, the compact antenna ex-
hibits features such as high ﬂexibility and robustness, without
sacriﬁcing efﬁciency. By using laser cutting technology, the an-
tenna has been precisely fabricated so that it performs as pre-
dicted by the simulations. Above 85% averaged radiation efﬁ-
ciency has been achieved over the operating frequency range
from 3 to 20 GHz, which, to the best of our knowledge, is the
highest reported to date for a non metallic antenna of this type.
The estimated average conduction efﬁciency of nearly 90% also
indicates that this type of antenna has successfully overcome
the limitations in conductivity and thickness of conductive poly-
mers. The promising potential of the proposed antenna in ﬂex-
ible and wearable electronic systems is obvious. Further im-
provements of the conductivity and uniformity of the PEDOT
thin ﬁlms with even thinner thickness are expected to further
improve the efﬁciency in the very near future.
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Figure 3.18: Radiation patterns of the PEDOT:PSS film and copper reference antenna in the
xy-, xz- and yz-planes, normalised to the maximum gain. Close correspondence between the
PEDOT:PSS antenna and the copper reference antenna indicates the high performance of the
PEDOT:PSS antenna material in all directions.
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Antenna articulation performance
The PEDOT:PSS film produced with the novel method outlined in Section 3.5.1 had excep-
tional mechanical flexibility and durability, capable of significant articulation without mechan-
ical damage to the antenna, as shown in Figure 3.19. One of the key advantages of using
polymeric materials to fabricate an antenna is the the potential for bending and stretching,
both tolerating the mechanical strain without damage, and maintaining electrical functionality
whilst articulated. Published in Chen et al. [1].
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Fig. 4. Antenna in various bending conditions. (a) bending upward.
(b) bending downward. (c) bending upward. (d) bending
downward.
Fig. 5. Measured reﬂection coefﬁcient of the proposed antenna under
various bending conditions. , bending upward and backward.
been manufactured, to serve as a reference for the radiation ef-
ﬁciency measurement. The two antennas are shown in Fig. 3.
To achieve accurate patterning of the structure, the PEDOT
antenna has been fabricated using a laser milling machine
(LPKF: Protolaser_S). In this process, a thin sheet of PEDOT is
ﬁrstly attached to a piece of sticky tape, which is then ﬁxed on
the cutting platform of the laser machine. Second, the antenna
is tailored from the sheet with the laser power and the focal
position adjusted so that only the PEDOT is trimmed, leaving
the sticky tape intact. Third, the redundant PEDOT pieces are
peeled off from the sheet and the excess substrate is removed.
Finally, the antenna is mounted in a ﬁxture for alignment and
connection to an SMA connector. Conductive epoxy is applied
to form a solid mechanical and electrical connection to the
connector.
As shown in Fig. 2, a reasonable agreement between the
measured and simulated reﬂection coefﬁcient is achieved, with
a measured parameter below dB over almost the
whole frequency range from 2.2 to 20 GHz. In addition to the
good electrical performance, the realized polymer antenna also
proves to have excellent mechanical characteristics similar
to plastic. The materials feature exceptional ﬂexibility and
robustness; hence, the antenna can be bent dramatically without
mechanical damage, as shown in Fig 4. The antenna has been
measured under and upward and downward bending
conditions, held in place by a piece of radome foam. This
Cuming Microwave C-Foam PF-4 is chosen as ﬁxture since
it has very similar dielectric properties (relative permittivity
and the loss tangent tan ) to air. The
measured parameter shown in Fig. 5 indicates that the
antenna bending at does not cause dramatic variations in
the matching, while ultimate bending at has detrimental
impact on the performance in the lower spectral region due
to the signiﬁcant reduction of the effective antenna length.
However, such dramatic bending is of little practical interest,
but demonstrates the ﬂexibility of the antenna.
The group delay, an important parameter quantifying pulse
distortion and far-ﬁeld phase linearity [16], has been measured
Fig. 6. Measured group delay using network analyzer.
Fig. 7. Simulated and measured radiation and conductor efﬁciency.
with 100-mm distance between two manufactured UWB an-
tennas. As shown in Fig. 6, the measured group delay variation
is less than 1 ns over the operating frequency range which indi-
cates a linear phase in the far-ﬁeld region and no sensible pulse
distortion.
The antenna radiation efﬁciency has been directly mea-
sured by using the Wheeler cap method [17] whereas the con-
duction efﬁciency has been indirectly computed by com-
paring the radiation gain performance relative to the reference
copper antenna. The dielectric loss is assumed insigniﬁcant as
a result of the very small substrate thickness. Hence, only the
conduction losses due to the limited conductivity of PEDOT are
estimated.
For the Wheeler cap method measurement, the antenna has
been placed into a rectangular closed metallic box ( mm
mm mm, copper coated) and the parameter has been
measured. The reﬂection coefﬁcient in this setup and in free
space have been used to estimate according to (7.11) in [17].
As shown in Fig. 7, the measured radiation efﬁciency is mainly
in the range between 80% and 90% in the operation spectrum.
This is in good agreement with the simulated efﬁciency which
is between 85% to 90%.
For the conduction efﬁciency estimation, the radiation perfor-
mance, namely the 2D radiation patterns in -, -plane as well
as in two planes at angles in between have been measured for
the PEDOT antenna and compared to the corresponding mea-
surements for the copper antenna. The conduction efﬁciency of
copper is assumed to be approximately 1. In this comparison,
it is assumed that the directivity of both antennas are the same,
which is conﬁrmed by the nearly identical shapes of the radia-
tion patterns. The dielectric losses are assumed to be the same
as well, due to the very thin substrate. The radiated power is
averaged over all measured angles (in standard spherical coor-
dinates) and the conduction efﬁciency can then be estimated as
follows [9]:
(1)
Figure 3.19: PEDOT:PSS UWB antenna demonstration of non-destructive mechanical con-
formability at +90◦ (a), -90◦ (b), +180◦ (c), and -180◦ (d).
The antenna was fixed in several positions - bent 90◦ upwards, bend 90◦ down, bent 180◦
upwards and bent 180◦ down - and the reflection coefficient |S11| was measured, shown in
Figure 3.20. Based on the reflection coefficients the PEDOT:PSS antenna performs similarly
at 90◦ to the non-articulated antenna, whereas the 180◦ articulation significantly degraded
the antenna performance at lower frequencies due to the significant reduction of the effective
antenna length.
Further testing examined the bending angle radiation response in more detail. The antenna
was bent to 30◦ increments to determine the |S11| reflection coefficient and radiation pattern
response at different angles, as demonstrated in Figure 3.21. The |S11| reflection coefficients
in Figure 3.22 clearly show insignificant effects on antenna effective frequency range up to
60◦ conformation, the acceptable performance range, where |S11| is below -10 dB. The 90◦
articulated antenna perfor s nearly as well as the 60◦, mostly wit in 2dB, likely sufficing for
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Fig. 4. Antenna in various bending conditions. (a) bending upward.
(b) bending downward. (c) be ding upward. (d) bending
downward.
Fig. 5. Measured reﬂection coefﬁcient of the proposed antenna under
various bending conditions. , bending upward and backward.
been manufactured, to serve as a reference for the radiation ef-
ﬁciency measurement. The two antennas are shown in Fig. 3.
To achieve accurate patterning of the structure, the PEDOT
antenna has been fabricated using a laser milling machine
(LPKF: Protolaser_S). In this process, a thin sheet of PEDOT is
ﬁrstly attached to a piece of sticky tape, which is then ﬁxed on
the cutting platform of the laser machine. Second, the antenna
is tailored from the sheet with the laser power and the focal
position adjusted so that only the PEDOT is trimmed, leaving
the sticky tape intact. Third, the redundant PEDOT pieces are
peeled off from the sheet and the excess substrate is removed.
Finally, the antenna is mounted in a ﬁxture for alignment and
connection to an SMA connector. Conductive epoxy is applied
to form a solid mechanical and electrical connection to the
connector.
As shown in Fig. 2, a reasonable agreement between the
measured and simulated reﬂection coefﬁcient is achieved, with
a measured parameter below dB over almost the
whole frequency range from 2.2 to 20 GHz. In addition to the
good electrical performance, the realized polymer antenna also
proves to have excellent mechanical characteristics similar
to plastic. The materials feature exceptional ﬂexibility and
robustness; hence, the antenna can be bent dramatically without
mechanical damage, as shown in Fig 4. The antenna has been
measured under and upward and downward bending
conditions, held in place by a piece of radome foam. This
Cuming Microwave C-Foam PF-4 is chosen as ﬁxture since
it has very similar dielectric properties (relative permittivity
and the loss tangent tan ) to air. The
measured parameter shown in Fig. 5 indicates that the
antenna bending at does not cause dramatic variations in
the matching, while ultimate bending at has detrimental
impact on the performance in the lower spectral region due
to the signiﬁcant reduction of the effective antenna length.
However, such dramatic bending is of little practical interest,
but demonstrates the ﬂexibility of the antenna.
The group delay, an important parameter quantifying pulse
distortion and far-ﬁeld phase linearity [16], has been measured
Fig. 6. Measured group delay using network analyzer.
Fig. 7. Simulated and measured radiation and conductor efﬁciency.
with 100-mm distance between two manufactured UWB an-
tennas. As shown in Fig. 6, the measured group delay variation
is less than 1 ns over the operating frequency range which indi-
cates a linear phase in the far-ﬁeld region and no sensible pulse
distortion.
The antenna radiation efﬁciency has been directly mea-
sured by using the Wheeler cap method [17] whereas the con-
duction efﬁciency has been indirectly computed by com-
paring the radiation gain performance relative to the reference
copper antenna. The dielectric loss is assumed insigniﬁcant as
a result of the very small substrate thickness. Hence, only the
conduction losses due to the limited conductivity of PEDOT are
estimated.
For the Wheeler cap method measurement, the antenna has
been placed into a rectangular closed metallic box ( mm
mm mm, copper coated) and the parameter has been
measured. The reﬂection coefﬁcient in this setup and in free
space have been used to estimate according to (7.11) in [17].
As shown in Fig. 7, the measured radiation efﬁciency is mainly
in the range between 80% and 90% in the operation spectrum.
This is in good agreement with the simulated efﬁciency which
is between 85% to 90%.
For the conduction efﬁciency estimation, the radiation perfor-
mance, namely the 2D radiation patterns in -, -plane as well
as in two planes at angles in between have been measured for
the PEDOT antenna and compared to the corresponding mea-
surements for the copper antenna. The conduction efﬁciency of
copper is assumed to be approximately 1. In this comparison,
it is assumed that the directivity of both antennas are the same,
which is conﬁrmed by the nearly identical shapes of the radia-
tion patterns. The dielectric losses are assumed to be the same
as well, due to the very thin substrate. The radiated power is
averaged over all measured angles (in standard spherical coor-
dinates) and the conduction efﬁciency can then be estimated as
follows [9]:
(1)
Figure 3.20: PEDOT:PSS UWB antenna |S11| reflection coefficients at different bending angles,
+90◦, -90◦, +180◦, and -180◦
many ultra-wideband applications. As expected, the effective operation band of the antenna
increases in the frequency spectrum with increasing articulation angle, as the bending antenna
alters the design to favour higher frequency.
z
xy
Figure 1: The polymer ultra-wideband antenna under
investigation and its two bent status.
(PEDOT) materials featuring a substantial thick-
ness (70 µm) and a relatively high measured DC
conductivity (9532 S/m), the antenna exhibits a ra-
diation e ciency of over 85% throughout its UWB
operation band of 3 to 20 GHz. To the best of
our knowledge, this is the highest value reported to
date for this type of non-metallic antenna. More
comprehensive information of the antenna and its
design can be found in [12].
3 BENDING IMPACT
Flexible antennas are supposed to be bent or even
conformed to a specific surface during operation,
and thus tests in various bending conditions are
necessary to investigate bending-dependent char-
acteristics variations including impedance match-
ing [13] and radiation patterns [14, 15]. Therefore
the influence of typical bending configurations on
the antenna matching and radiation performance
are investigated here numerically with CST Mi-
crowave Studio 2014 (CST) and validated exper-
imentally. The 3D antenna representation and
the considered bending setup in CST are depicted
in Fig. 2. Antenna characteristics including S-
parameters, polarization and radiation patterns are
examined with regards to the bending angles from
0  to 180 , as defined in the inset of Fig. 2.
3.1 Reflection coe cient
The simulated reflection coe cient under various
bending angles from 0  to 180  (Fig. 2) with steps
of 30  is shown in Fig. 3. For bending angles un-
der 60 , the degradation of the |S11| is insignifi-
cant. However, for more pronounced bending above
60 , prominent di↵erences are then observed. Gen-
erally the antenna operation band tends to shift
to a higher frequency spectrum along with the in-
crease in bending angle. This can be intuitively
interpreted as follows: with increasing bending an-
gle, the tapered slots between the trapezoidal el-
180
0
90
Figure 2: The antenna and its 3D bending setup in
CST Microwave Studio. Inset: Definition of the bend-
ing angle (side-view).
Figure 3: Simulated |S11| for di↵erent bending angles
(defined in Fig. 2).
ements and the CPW ground planes become nar-
rower which shifts the operation range to higher
frequencies. Strong coupling between the antenna
and the SMA connector case which corresponds to
resonances at some particular frequencies are ob-
served in simulation. However, such SMA connec-
tor is unlikely to appear in practice, and the ex-
treme bending conditions are not likely to occur
as well. The results suggest that this antenna still
performs nearly as well as the planar configuration
in terms of impedance matching for bending angles
up to around 60 , and might be usable with slight
matching degradation up to at least 90  bending.
3.2 Polarization
The unbent antenna is vertically linearly polarized
but this fact can be expected to change when the
bending angle starts to increase. As illustrated in
Fig. 4, a qualitative analysis suggests that the linear
polarization direction should broadly rotate clock-
wise simultaneously with the bending angle and
reach 45  and 90  for the antenna bent at 90  and
180  respectively. Therefore, this important aspect
which will a↵ect the polarization loss factor must
be taken into account when considering the condi-
tions of operation for those antennas in a wireless
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Figure 3.21: Demonstration of PEDOT:PSS ant nn articulatio from 0-180◦.
The directional performance of an articulated antenna is of particular interest as an advantage
over traditional m tal antennas. The 90◦ articulation angle was chosen as the limit of ac-
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diation e ciency of over 85% throughout its UWB
operation band of 3 to 20 GHz. To the best of
our knowledge, this is the highest value reported to
date for this type of non-metallic antenna. More
comprehensive information of the antenna and its
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examined with regards to the bending angles from
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60 , prominent di↵erences are then observed. Gen-
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interpreted as follows: with increasing bending an-
gle, the tapered slots between the trapezoidal el-
180
0
90
Figure 2: The antenna and its 3D bending setup in
CST Microwave Studio. Inset: Definition of the bend-
ing angle (side-view).
Figure 3: Simulated |S11| for di↵erent bending angles
(defined in Fig. 2).
ements and the CPW ground planes become nar-
rower which shifts the operation range to higher
frequencies. Strong coupling between the antenna
and the SMA connector case which corresponds to
resonances at some particular frequencies are ob-
served in simulation. However, such SMA connec-
tor is unlikely to appear in practice, and the ex-
treme bending conditions are not likely to occur
as well. The results suggest that this antenna still
performs nearly as well as the planar configuration
in terms of impedance matching for bending angles
up to around 60 , and might be usable with slight
matching degradation up to at least 90  bending.
3.2 Polarization
The unbent antenna is vertically linearly polarized
but this fact can be expected to change when the
bending angle starts to increase. As illustrated in
Fig. 4, a qualitative analysis suggests that the linear
polarization direction should broadly rotate clock-
wise simultaneously with the bending angle and
reach 45  and 90  for the antenna bent at 90  and
180  respectively. Therefore, this important aspect
which will a↵ect the polarization loss factor must
be taken into account when considering the condi-
tions of operation for those antennas in a wireless
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Figure 3.22: Reflection coefficient |S11| response to PEDOT:PSS antenna articulation in 30◦
increments. The operational band is relatively unchanged up to 60◦, with small narrowing at
90◦. As the articulation angle increases, the operational band shifts to higher frequencies as
the effective antenna length is shortened.
ceptable functionality, and xy-plane radiation patterns were measured at 4, 7, 13 and 16GHz,
shown in Figure 3.23. As the 90◦ articulated radiation patterns show, the antenna response
remains largely omnidirectional, with a significant reduction in gain to the increased cross-
polarised radiation absorption. The decreased gain is weighted towards the lower frequencies
as the articulated antenna design has preferential response to shorter wavelengths. Further the
increased cross-polarisation current component in the articulated antenna radiation patterns
indicates the radiation response of the antenna is substantially less uniform (co-polarised re-
sponse). The gain of the co-polar current component is still reasonable at 4GHz, and improves
through the frequency range.
The PEDOT:PSS antenna produced in this first work yielded surprisingly high performance.
The next phase of research examined means of further modifying the nanostructure of these
high-thickness PEDOT:PSS films in an attempt to further optimise antenna performance.
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1800 90
Figure 4: Antenna predominent polarization with
bending angles of 0  (unbent), 90  and 180 .
(a) (b)
Figure 5: The 90 -bent antenna as prepared for ra-
diation patterns measurement in an anechoic chamber.
A piece of PF-4 radar foam (white) is used as holding
material with a nearly unity relative permittivity. (a)
Side view. (b) Top view.
communication link influenced by various bending
conditions.
3.3 Radiation pattens of 90 -bent antenna
The 90 -bent antenna, as illustrated in Fig. 5, has
been chosen for experimental study of radiation
patterns due to its nearly diagonal linear polariza-
tion. The xy-plane radiation patterns for both 90 -
bent and planar (0 ) configurations measured at 4,
7, 10, 13 and 16 GHz are normalized and plotted in
Fig. 6. It is noted that the interpretation of the re-
sults can only be qualitative, as the exact location
of the bending will influence the pattern and po-
larization. Therefore, only the patterns in xy-plane
are discussed here, since they correspond to nearly
omnidirectional patterns in unbent condition and
are clearly illustrating the e↵ect of bending.
As observed in the right-hand side column of
Fig. 6, the bent co-polarized patterns (E✓) in
the xy-plane still largely retain an omnidirectional
characteristic, similarly as the unbent ones, how-
ever with a marked reduction in gain, due to ra-
diation in cross-polarization. This is confirmed
by a dramatic increase of the cross-polarization
(E ) by 10-20 dB. As a result, under bent con-
dition, the component defined as cross-polarization
reaches a similar or even higher level as the co-
polarization, suggesting the 45  polarization tilt an-
gle mentioned in section 3.2. The cross-polarization
patterns in bending condition show a dipole char-
acteristic, with maximum gain at   = 0 , 180 , and
minimum gain at   = ±90 . This is indicative
of the alignment of the cross-polarized component
with that of the linearly polarized reference horn
antenna used in the measurement.
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Figure 6: The measured xy-plane radiation patterns of
the antenna in planar and 90 -bent conditions at 4, 7,
10, 13 and 16 GHz.
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Figure 3.23: Ground plane radiation patterns of planar and 90◦ articulated PEDOT:PSS an-
tenna, normalised to the maximum gain. The radiation patterns show loss of gain in the
articulated ante na due to the interference and rise in the cross-polarised current component.
As frequency increases, the 90◦ articulated antenna improves in performance, in line with the
|S11| results.
3.5. Results and Discussion 59
Methanol treatment
The electrical performance of PEDOT:PSS depends on the nanostructure within the film, specif-
ically the phase separation between PEDOT and PSS and relaxation of the tightly bound PE-
DOT chain structure. A common way to achieve these modifications in thin film research is the
addition of a high dielectric constant co-solvent, such as ethylene glycol, methanol or dimethyl
sulfoxide (DMSO). Methanol has shown some interesting results in previous research [11] and
in experimental work, and thus was used as a post-processing soak modification for a prepared
PEDOT:PSS film, published here in Chen et al. [2] and Chen et al. [3].
After initial success with 70 µm film thickness a thicker film was prepared using a similar
method to increase the encompassed skin depths of the film. A 113 µm thick PEDOT:PSS film
was fabricated using a similar method; 8 mL of Clevios PH1000 including 5% ethylene glycol
was dried in 60x60 mm teflon and glass moulds annealed at 130 ◦ for 1 hour. The resulting
conductivity was 35 S cm−1 as calculated from 4-point probe sheet resistance and micrometer
thickness measurements over a series of 16 points. This conductivity resulted in a skin depth
of 172 µm. The PEDOT:PSS films were then soaked in methanol overnight and dried at room
temperature. The conductivity was recalculated achieving 185 S cm−1, a substantial increase in
conductivity representing a significant change in the film nanostructure. The methanol treated
PEDOT:PSS film skin depth was 75 µm. The methanol treatment improved the antenna
potential response to the 2.45 GHz frequency from 0.66 to 1.51 skin depths, a substantial
improvement in the functionality of the film at this frequency. The treated and un-treated
films are shown in Figure 3.24.
As the material has been shown effective in ultra-wideband antennas, this new material will
be tested as a much more common RFID design: a 2.45 GHz dipole antenna. Low frequency
efficiency is difficult to achieve due to the longer wavelength and lower energy increasing skin
depth, and thus 2.45 GHz provides a good indication of performance at higher frequencies.
Dipole antennas are usually designed as resonant antennas, i.e. designed to produce standing
waves at the desired frequency. Resonant antennas have several advantages over non-resonant
antennas: the standing wave production minimises the potential for interfering current densities
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Figure 3.24: PEDOT:PSS film prior to methanol treatment as fabricated by the drop cast
method (left), and after the methanol treatment (right).
from other radio sources, the antenna efficiency is enhanced significantly at this frequency due
to shorting of the feedback point, and electrical interference due to non-linearity in the signal
production is not reflected back to the desired frequency and causing interference. Three
dipole antennas were created for testing: one from the untreated PE OT:PSS film, one from
the methanol treated PEDOT:PSS film, and a copper reference antenna prepared from 60 µm
copper foil. The three antennas are shown in Figure 3.25, and a demonstration of the non-
destructive mechanical conformability of the methanol treated PEDOT:PSS antenna is shown
in Figure 3.26.
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Figure 3.25: Dipole antennas laser cut from copper foil (left), PEDOT:PSS (middle), and
methanol treated PEDOT:PSS (right).
The simulation performed using CST Microwave Studio 2015 uses the experimental parameters
to predict the outcome, thus acting as a confirmation of experimental findings or indicating
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VXI¿FLHQWO\ ORZ VKHHW UHVLVWDQFH RI DSSUR[LPDWHO\  Ω!
6XFK FRPSHWLWLYH PDWHULDOV DUH SUHSDUHG ZLWK &OHYLRV 3+
+HUDHXV VROXWLRQ DQG HWK\OHQH JO\FRO XVLQJ D VROYHQW FDVWLQJ
PHWKRG $OO UHVLGXDO VROYHQW LV HOLPLQDWHG FRPSOHWHO\ IURP
WKH ¿OPV WKURXJK D ◦& DQQHDOLQJ SURFHVV 7KH 3('27
¿OP WKLFNQHVV LV DSSUR[LPDWHO\ WZR WKLUGV RI WKH VNLQ GHSWK
DW  *+] ZKLFK LV DURXQG  µP 7KLV IDFW LPSOLHV DQ
LQFUHDVH LQ FRQGXFWRU RKPLF ORVV DQG FRQVHTXHQWO\ D GHFUHDVH
LQ DQWHQQD HI¿FLHQF\ 7KLV ORVV LQ HI¿FLHQF\ FDQ EH SDUWLDOO\
RYHUFRPH E\ XVLQJ ZHOO HVWDEOLVKHG WHFKQLTXHV WR HQKDQFH WKH
FRQGXFWLYLW\ >@
,9 7+( 0(7+$12/ 75($70(17
7R IXUWKHU LQFUHDVH WKH FRQGXFWLYLW\ D VLPSOH VWDEOH DQG
HFRQRPLF WUHDWPHQW ZLWK PHWKDQRO VROXWLRQ LPPHUVLRQ UH
SRUWHG LQ >@ LV GHSOR\HG ,Q WKLV PHWKRG VDPSOHV ZHUH
LPPHUVHG LQ PHWKDQRO RYHUQLJKW DQG GULHG DW URRP WHPSUDWXUH
,W LV VKRZQ WKDW WKLV VLPSOH WHFKQLTXH FDQ HQKDQFH WKH FRQGXF
WLYLW\ RI WKH VDPSOHV E\  RUGHUV RI PDJQLWXGH >@ &KDQJHV
WR PRUSKRORJ\ LPSURYHG DOLJQPHQW RI WKH 3('27 SDUWLFOHV
DQG UHPRYDO RI H[FHVV LQVXODWLQJ 366 IURP WKH 3('27366
¿OP DUH WKH RIWHQ PHQWLRQHG PDLQ PHFKDQLVPV IRU WKH KLJK
FRQGXFWLYLW\ HQKDQFHPHQW
7KH RULJLQDO DQG WKH WUHDWHG 3('27 WKLQ ¿OPV DUH VKRZQ
LQ )LJ  6RPH VRUW RI GLVWRUWLRQV LQ WKH WUHDWHG 3('27 ¿OP
DUH REVHUYHG ZKLFK PLJKW EHFRPH SUREOHPDWLF IRU DQWHQQD
GHVLJQV UHTXLULQJ ODUJH DUHDV +RZHYHU WKLV FRXOG EH VROYHG
E\ FOLSSLQJ RU ÀDWWHQLQJ GXULQJ WUHDWPHQW ZLWK GHGLFDWHG WRROV
5HVLVWDQFH PHDVXUHPHQW ZLWK D IRXUSUREH PHDVXULQJ V\VWHP
KDV EHHQ FRQGXFWHG DQG WKH UHVXOWLQJ '&FRQGXFWLYLW\ RI WKH
RULJLQDO DQG WKH WUHDWHG 3('27 KDV EHHQ GHWHUPLQHG WR EH
DURXQG  6P DQG  6P UHVSHFWLYHO\ 7KHUHIRUH WKH
VKHHW UHVLVWDQFH RI WKH WUHDWHG 3('27 ¿OP LV HVWLPDWHG WR
EH DSSUR[LPDWHO\  Ω! ZKLFK LV DERXW RQH ¿IWK RI WKH
XQWUHDWHG ¿OP
9 (;3(5,0(17$/ 5(68/76
7KH SURWRW\SH 3('27 DQWHQQDV KDYH EHHQ H[SHULPHQWDOO\
FKDUDFWHUL]HG DQG FRPSDUHG ZLWK WKH UHIHUHQFH FRSSHU DQWHQQD
WR LQYHVWLJDWH WKH SHUIRUPDQFH LPSURYHPHQW GXH WR WKH PDWHULDO
WUHDWPHQW 7KH UHVXOWV KDYH EHHQ DQDO\]HG WRJHWKHU ZLWK FRUUH
VSRQGLQJ VLPXODWLRQV SHUIRUPHG XVLQJ &67 0LFURZDYH 6WXGLR
 &67 7KH\ VKRZ HQFRXUDJLQJ LPSURYHPHQWV LQ DQWHQQD
SHUIRUPDQFH LQ WHUPV RI PDWFKLQJ DQG DQWHQQD HI¿FLHQF\ DV
GHVFULEHG LQ WKH IROORZLQJFigure 3.26: The methanol treated PEDOT:PSS is capable of significant mechanical conforma-
tion without mechanical or electrical degradation.
sources of interference. The |S11| reflection coefficients of the simulated and experimental
are in close agreement, as shown in Figure 3.27. Minor shifts in resonance frequency are
likely due to fabrication methods. The original, untreated PEDOT:PSS film performs poorly
compared to the methanol treated PEDOT:PSS and copper reference antennas. However it
should be noted that at the target frequency the untreated PEDOT:PSS film reaches over 90%
power efficiency, surprisingly good performance given the film is only 0.66 of one skin depth.
The methanol treated PEDOT:PSS antenna, however, had similar performance to the copper
reference antenna, indicating comparable efficiency and applicability between the two.
The radiation patterns at 2.45 GHz again demonstrate similar outstanding performance from
the methanol treated PEDOT:PSS antenna compared to the copper reference. The xy-, xz- and
yz- planes are shown in Figure 3.28 normalised to the maximum gain of the copper reference
antenna. The xy-plane patterns are omnidirectional as expected from a dipole antenna, and
the xz- and yz-planes present zeros at 0◦ and 180◦, ie along the z-axis, as expected. The close
similarity between the methanol treated PEDOT:PSS and copper reference antenna patterns
indicate very high performance and efficiency from the methanol treated PEDOT:PSS antenna.
Note the asymmetry in the co-polar current components in the xz-plane are due to interference
from the SMA connector and right-angle connectors in the measurement path.
The antenna efficiency is calculated by the gain-directivity measurement of the PEDOT:PSS
films relative to the copper reference antenna, shown in Figure 3.29. Again the simulated
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GLUHFWLYLW\ VLQFH WKH SDWWHUQV DUH RI WKH VDPH VKDSH 7R FRPSDUH
WKH JDLQV WKH UDGLDWHG SRZHU LV DYHUDJHG RYHU DOO HOHYDWLRQ
DQJOHV DVVXPLQJ  HI¿FLHQF\ IRU WKH FRSSHU DQWHQQD 7KH
3('27 DQWHQQD HI¿FLHQF\ LV WKHQ HYDOXDWHG WKURXJK >@
ec ≈ ΣφΣθGPEDOT (θ,φ) sin θ∆θ∆φ
ΣφΣθGCopper(θ,φ) sin θ∆θ∆φ
. 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UHSRUWHG HI¿FLHQF\ IRU WKLV W\SH RI UHVRQDQW SRO\PHULF DQWHQQD
$Q HI¿FLHQF\ LQFUHDVH RI PRUH WKDQ  LV DFKLHYHG WKURXJK
WKH FRQGXFWLYLW\ HQKDQFHPHQW IXO¿OOHG ZLWK D VLPSOH PHWKDQRO
WUHDWPHQW
9, &21&/86,21
$ KLJKO\ ÀH[LEOH DQG HI¿FLHQW *+] GLSROH DQWHQQD
UHDOL]HG ZLWK PHWKDQROWUHDWHG 3('27 KDV EHHQ SUHVHQWHG
GHPRQVWUDWLQJ D SURPLVLQJ DQG VLPSOH PHWKRG WR VLJQL¿FDQWO\
HQKDQFH FRQGXFWLYLW\ LQ FRQGXFWLYH SRO\PHUV 7KUHH LGHQWL
FDO DQWHQQD GHVLJQV UHDOL]HG LQ FRSSHU VWDQGDUG DQG WUHDWHG
3('27 KDYH EHHQ IDEULFDWHG DQG H[SHULPHQWDOO\ FKDUDFWHU
L]HG 7KH 3('27 DQWHQQDV H[KLELW DQ H[FHSWLRQDO SODVWLFOLNH
UHYHUVLEOH PHFKDQLFDO ÀH[LELOLW\ DQG WKH UHVXOWLQJ UHÀHFWLRQ
FRHI¿FLHQW PHDVXUHPHQWV DQG JDLQGLUHFWLYLW\ HI¿FLHQF\ HVWL
PDWLRQV DUH LQ D JRRG DJUHHPHQW ZLWK &67 VLPXODWLRQV 7KH
PHWKDQROVROXWLRQEDVHG WUHDWPHQW RI WKH 3('27 WKLQ ¿OP
Figure 3.27: Simulated and experimental |S11| reflection coefficients of the copper reference
antenna, untreated PEDOT:PSS and methanol treated PEDOT:PSS. The methanol treated
PEDOT:PSS had similar performance to the copper reference antenna. The agreement between
the simulation and experimental results indicates the materials were acting as expected for their
electrical characteristics.
and experimentally calculated efficiencies show strong agreement. Over the operation band
of 2.3-2.7 GHz the untreated PEDOT:PSS had an average efficiency of 65%. The methanol
treated PEDOT:PSS however had a marked improvement in efficiency, achieving 91.4% of the
performance of the copper reference. To the best of our knowledge, this is the highest reported
efficiency for a comparable resonant polymeric antenna. The simple solvent treatment of the
PEDOT:PSS film improved the antenna efficiency by 26%, encouraging further examination of
solvent treatments.
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$Q HI¿FLHQF\ LQFUHDVH RI PRUH WKDQ  LV DFKLHYHG WKURXJK
WKH FRQGXFWLYLW\ HQKDQFHPHQW IXO¿OOHG ZLWK D VLPSOH PHWKDQRO
WUHDWPHQW
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$ KLJKO\ ÀH[LEOH DQG HI¿FLHQW *+] GLSROH DQWHQQD
UHDOL]HG ZLWK PHWKDQROWUHDWHG 3('27 KDV EHHQ SUHVHQWHG
GHPRQVWUDWLQJ D SURPLVLQJ DQG VLPSOH PHWKRG WR VLJQL¿FDQWO\
HQKDQFH FRQGXFWLYLW\ LQ FRQGXFWLYH SRO\PHUV 7KUHH LGHQWL
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3('27 KDYH EHHQ IDEULFDWHG DQG H[SHULPHQWDOO\ FKDUDFWHU
L]HG 7KH 3('27 DQWHQQDV H[KLELW DQ H[FHSWLRQDO SODVWLFOLNH
UHYHUVLEOH PHFKDQLFDO ÀH[LELOLW\ DQG WKH UHVXOWLQJ UHÀHFWLRQ
FRHI¿FLHQW PHDVXUHPHQWV DQG JDLQGLUHFWLYLW\ HI¿FLHQF\ HVWL
PDWLRQV DUH LQ D JRRG DJUHHPHQW ZLWK &67 VLPXODWLRQV 7KH
PHWKDQROVROXWLRQEDVHG WUHDWPHQW RI WKH 3('27 WKLQ ¿OP
Figure 3.28: Radiation patterns of methanol treated PEDOT:PSS, untreated PEDOT:PSS and
the copper reference electrode, normalised to the maximum gain, in the xy-, xz- and yz-planes.
Very similar performance between the methanol treated PEDOT:PSS antenna and the copper
reference antenna confirm the high performance and high conductivity of the methanol treated
PEDOT:PSS film.
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)LJ  6LPXODWHG DQG PHDVXUHG DQWHQQD HI¿FLHQF\ UHODWLYHO\ WR WKH FRSSHU
UHIHUHQFH DQWHQQD
ERRVWV WKH DQWHQQD HI¿FLHQF\ E\  WR DQ DYHUDJHG YDOXH
RI  RYHU WKH RSHUDWLRQ EDQG 7KH UHVXOW LV UHPDUNDEOH
LQ FRQMXQFWLRQ ZLWK D UHVRQDQW GHVLJQ DQG LV WR WKH EHVW RI
RXU NQRZOHGJH WKH KLJKHVW YDOXH UHSRUWHG IRU WKLV W\SH RI
SRO\PHULF DQWHQQDV $OO WKHVH IDFWV HPSKDVL]H WKH SURPLVLQJ
SRWHQWLDOV RI FRQGXFWLYH SRO\PHUV LQ PLFURZDYH DQWHQQD DSSOL
FDWLRQV SDUWLFXODUO\ LQ FRQIRUPDO DQG ÀH[LEOH FRQ¿JXUDWLRQV
$&.12:/('*0(17
7KLV ZRUN ZDV VXSSRUWHG E\ WKH $XVWUDOLDQ 5HVHDUFK &RXQ
FLO $5& XQGHU 'LVFRYHU\ 3URMHFW '3
5()(5(1&(6
>@ < %D\UDP 1 D .RWRY DQG - / 9RODNLV ³(7H[WLOH &RQGXFWRUV
DQG 3RO\PHU &RPSRVLWHV IRU &RQIRUPDO /LJKWZHLJKW $QWHQQDV´ ,(((
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Figure 3.29: Radiation efficiency of the methanol treated PEDOT:PSS film and the untreated
PEDOT:PSS film against the copper reference antenna. The methanol treatment improved the
radiation efficiency from 65% to 91.4%, a substantial 26% increase in antenna efficiency.
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Microstrip-fed slot antenna
Slot antennas are a small antenna design widely used in the ultra high frequency and microwave
technology spaces. The simple design and very small size diversify radiowave applications, while
maintaining similar functionality to a dipole antenna. The antenna is effectively a small patch
of antenna material with a slot cut from the inner area. A microstrip-fed slot antenna was laser
cut from a methanol treated PEDOT:PSS film fabricated in the same manner as Section 3.5.2,
as shown in Figure 3.30, and published in Chen et al. [4].
A 5.8-GHz Flexible Microstrip-Fed Slot Antenna
Realized in PEDOT:PSS Conductive Polymer
Shengjian Jammy Chen
and Christophe Fumeaux
School of Electrical and Electronic Engineering
The University of Adelaide
Adelaide, 5005, SA, Australia
Benjamin Chivers
Ro erick Shepherd
School of Biomo ecul r and Chemical E gin ering
The University of Sydney
Sydney, NSW 2006, Australia
Abstract—A flexible 5.8-GHz microstrip-fed slot antenna real-
ized in thin films of conductive polymer PEDOT:PSS is presented.
As a result of the highly conductive and flexible polymeric film
utilization, the antenna has a high efficiency of 82% and fully
reversible conformability. A PEDOT and a reference copper
antenna prototypes have been fabricated and experimentally
characterized. The good agreement between simulations and
measurements suggests that conductive polymers are a promising
class of non-metallic conducting materials for antenna engineer-
ing, particularly for conformal designs.
I. INTRODUCTION
Conductive polymers are becoming more significant among
materials for microwave engineering, since they have advan-
tages such as high electrical conductivity and mechanical flex-
ibility, low cost, bio-compatibility and easy implementation
with screen printing and inkjet printing [1]. Some of the
dominant types of conductive polymers including polyaniline
(Pani), Polypyrrole (PPy) and Poly(3,4- ethylenedioxythio-
phene) (PEDOT) have been utilized for antenna designs. For
instance, microstrip antennas realized in Pani [2] and PPy [3]
have been reported to have efficiency of 56% and 65%,
respectively. Moreover, ultra-wide band antennas realized in
PPy [1] and PEDOT [4] have also shown high efficiency
of 79.2% and 89.9%, respectively. The later antenna has an
exceptional reversible flexibility similar to a dual-band antenna
reported in [5] which is made from Pani doped with multiwall
carbon nanotubes. To further show the potentials of conductive
polymers, a simple methanol treatment has been applied to a
PEDOT thin film to significantly enhance the conductivity,
which resulted in a highly efficient (91.4%) resonant dipole
antenna [6].
In this paper, a flexible 5.8-GHz microstrip-fed slot an-
tenna, made from a PEDOT thin film with a very low dc
sheet resistance of 0.5 Ω/!, is designed and experimentally
characterized. Measurements confirm that the antenna works
as expected and has a very encouraging 82% conductor
efficiency. These results confirm that conductive polymers are
very promising conductor materials for the microwave region.
II. ANTENNA DESIGN
The antenna configuration, dimensions and a PEDOT re-
alization are depicted in Fig 1. Both the 50-Ω open-end mi-
crostrip line feed and the ground plane with a slot are realized
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Fig. 1. The antenna configuration and a PEDOT realization. Dimensions
(mm): W1 = 30; W2 = 19.5; W[3] = 7; W4 = 2.5; h = 1.6; L1 = 30; L2 =
17; L3 = 15; L4 =2; L5 = 2.
in PEDOT films. They are mounted on both sides of a substrate
which is made of a highly flexible Cuming Microwave C-
Foam PF-4 foam. The free-standing PEDOT films were made
from Clevios PH1000 (Heraeus) with ethylene glycol using a
solvent casting method, then all residual solvent was removed
with annealing at 130◦C. The 110-µ-thick polymeric film has
a conductivity of 18000 S/m leading to a dc sheet resistance
of 0.5 Ω/!. Regarding the PF-4 foam, its relative permittivity
εr, loss tangent tanδ and thickness are 1.06, 0.0001 and 1.6
mm, respectively. The resonance frequency and impedance
bandwidth of the proposed antenna are mainly determined by
the slot length and the slot width respectively. The slot length
W2 is 19.5 mm roughly half of the operational wavelength, and
the slot width L4 is chosen to be 2 mm for easy manufacture.
The microstrip feed line length determines the matching and an
optimal value was obtained through iterative parameter sweep
with CST Microwave Studio 2015 (CST).
III. EXPERIMENTAL RESULTS
To verify the design, a PEDOT and a copper reference
prototypes were fabricated and experimentally characterized.
1317978-1-5090-2886-3/16/$31.00 ©2016 IEEE AP-S 2016
Figure 3.30: Microstrip-fed slot antenna picture and dimensions in mm: W1 = 30; W2 = 19.5;
W3 = 7; W4 = 2.5; h = 1.6; L = 30; L2 =17; L3 = 15; L4 =2; L5 = 2.
The antenna performance characteristics, conductivity and thickness are just as applicable to
slot antennas as in other antenna designs, hence a methanol treated PEDOT:PSS film was
prepared. PH1000 PEDOT:PSS was mixed with 5% ethylene glycol and dried overnight at
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50 ◦C before being annealed at 130 ◦C for 60 minutes. The annealed film was then soaked
in methanol overnight and dried at room temperature, before being laser cut into the antenna
design. The resulting 110 µm film had a conductivity of 180 S cm−1 and skin depth of 49 µm.
Thus the film is 2.2 skin depths, a significant step up from the last antenna, largely due to the
increase in target frequency. An identical copper reference antenna was fabricated from 60 µm
copper foil for comparison and determination of antenna efficiency. CST Microwave Studio
2015 was used to simulate and verify the antenna performance results.
The reflection coefficient |S11| of the simulation and experimental measurements are in strong
agreement, as shown in Figure 3.31. Further the methanol treated PEDOT:PSS antenna re-
sponse is very similar to the copper reference antenna, with very strong response at the target
5.8 GHz. The methanol treated PEDOT:PSS antenna has a wider bandwidth and slightly less
maximum gain compared to the copper reference antenna due to higher ohmic losses within
the PEDOT:PSS film. The simulated 30◦ arc methanol treated PEDOT:PSS antenna was in-
cluded to examine the effect of minor-moderate articulation of the polymer antenna. A copper
equivalent would be unable to perform after such mechanical conformation as the film would
have destructively fractured.
The xz- and yz-plane radiation patterns are presented in Figure 3.32, normalised to the max-
imum gain. Typically slot antennas are active when operating normal to the ground plane,
thus the xy-plane is not presented. The radiation patterns again show close agreement between
the ethanol treated PEDOT:PSS antenna and the copper reference antenna, indicating high
antenna efficiency and high electrical conductivity.
A gain-directivity calculation comparing the methanol treated PEDOT:PSS antenna to the
copper reference antenna is shown in Figure 3.33. The polymer antenna efficiency ranged
from roughly 80-88%, with an average efficiency of 82%. While this is a promising result it is
both a lower efficiency than previous antenna designs, and lower than the simulated antenna
efficiency, 90.7%. The microstrip-fed slot antenna design is dependent on a feed line of antenna
material, a unique component to this type of antenna. This microstrip feed line generates
ohmic loss in the antenna due to the low conductivity of the PEDOT:PSS material compared
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Fig. 2. The simulated and measured reflection coefficients. Inset: bending
configuration in CST to get the simulated |S11| when R = 30 mm.
The simulated and measured reflection coefficients are shown
in Fig 2, and a good agreement between them is observed.
The PEDOT antenna has a wider bandwidth than the copper
one since it has slightly higher losses in the conductors. As
expected, the antenna has an operational bandwidth extending
from 5.3 to 6.3 GHz, centered at 5.8 GHz. Moreover, the sim-
ulated |S11| under bent condition with a radius R = 30 mm is
included as well and it indicates that the bending configuration
(Fig. 2 inset) does not introduce significant variations in the
impedance bandwidth.
The measured radiation patterns of both antennas in xz-
and yz-plane at 5.8 GHz are displayed in Fig. 3. Typical
characteristics of slot antennas on a finite ground plane are
observed in the patterns where maximum radiation are directed
normal to the ground plane. More importantly, the similarity
in both PEDOT and copper antennas radiation patterns is
prominent which suggests that the polymeric antenna should
have a very satisfactory efficiency.
An approximate gain-directivity comparison with the ref-
erence antenna is exploited to obtain an estimation of the
polymeric antenna efficiency. It is assumed that the copper
antenna is 100% efficient and that both antennas have identical
directivity which is confirmed by the nearly identical angular
distribution in the pattern measurements (Fig. 3). This method
evaluates the efficiency by comparing the average absolute
gain of both antennas as computed through integrating the
received power of all measured angles of the xz- and yz-
patterns [1]. As demonstrated in Fig 4, the measured an-
tenna efficiency remains approximately between 80% and 88%
which agrees closely with predicted values obtained through
simulations. The average antenna efficiency of 82% is very
encouraging but slightly lower than that of a complementary
5.8-GHz dipole antenna simulated with the same PEDOT
material in CST, namely 90.7%. The lower efficiency can be
attributed to the extra ohmic losses introduced in the slot
antenna microstrip line feed section which does not exist
in the dipole antenna. This can be a consideration while
designing antennas with conductive polymers which usually
have relatively lower conductivity than metals.
IV. CONCLUSION
A flexible 5.8-GHz microstrip-fed slot antenna realized in
PEDOT is designed and experimentally characterized. The
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Fig. 3. Radiation patterns of the copper and PEDOT antennas in xz- (H-
plane) and yz-plane (E-plane) at 5.8 GHz.
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Fig. 4. Simulated and measured radiation efficiency of the PEDOT antenna.
non-metallic antenna performs as expected and has a high
efficiency of 82%, which is lower than that of a complimentary
dipole antenna simulated with identical PEDOT. This suggests
that conductive polymers are very promising as non-metallic
conductor materials for the microwave region, and that for
polymeric antennas, longer conducting path can lead to lower
efficiency due to the higher ohmic losses in the conductor.
For this type of antenna realized in materials with moderate
conductivity, such efficiency considerations are crucial aspects
of design optimization.
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Figure 3.31: Simulat d and experimental |S11| refl ction coefficients of the methanol treated
PEDOT:PSS and c pper reference antennas. The close agreement between the simulated and
experimental reflection coefficients indicates the antennas were performing as expected for their
electrical characteristics. The methanol treated PEDOT:PSS had very similar response to the
copper reference antenna, indicating excellent antenna and electrical performance. Further a
simulation of a 30◦ radially bent ethanol treated PEDOT:PSS microstrip-fed slot antenna
was compared against the other results. The articulated antenna had slightly less operational
bandwidth to the non-articulated antenna and copper reference, but significantly less gain.
with the copper reference. While 85% antenna efficiency is extremely high for a polymeric
antenna, to resolve the feed line ohmic loss either the PEDOT:PSS conductivity must increase,
or the antenna design will require modification. This is particularly interesting as it is the
PEDOT:PSS conductivity itself affecting antenna performance, rather than the material as a
whole performing as an antenna dictating efficiency.
68Chapter 3. Fabrication techniques and optimisation for a highly efficient PEDOT:PSS antenna
|S
11
| (
dB
)
Frequency (GHz)
3 4 5 6 7 8 9-25
-20
-15
-10
-5
0
Meas - PEDOT
Meas - Cu
Sim - PEDOT bent
Sim - PEDOT R
x
z
y
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configuration in CST to get the simulated |S11| when R = 30 mm.
The simulated and measured reflection coefficients are shown
in Fig 2, and a good agreement between them is observed.
The PEDOT antenna has a wider bandwidth than the copper
one since it has slightly higher losses in the conductors. As
expected, the antenna has an operational bandwidth extending
from 5.3 to 6.3 GHz, centered at 5.8 GHz. Moreover, the sim-
ulated |S11| under bent condition with a radius R = 30 mm is
included as well and it indicates that the bending configuration
(Fig. 2 inset) does not introduce significant variations in the
impedance bandwidth.
The measured radiation patterns of both antennas in xz-
and yz-plane at 5.8 GHz are displayed in Fig. 3. Typical
characteristics of slot antennas on a finite ground plane are
observed in the patterns where maximum radiation are directed
normal to the ground plane. More importantly, the similarity
in both PEDOT and copper antennas radiation patterns is
prominent which suggests that the polymeric antenna should
have a very satisfactory efficiency.
An approximate gain-directivity comparison with the ref-
erence antenna is exploited to obtain an estimation of the
polymeric antenna efficiency. It is assumed that the copper
antenna is 100% efficient and that both antennas have identical
directivity which is confirmed by the nearly identical angular
distribution in the pattern measurements (Fig. 3). This method
evaluates the efficiency by comparing the average absolute
gain of both antennas as computed through integrating the
received power of all measured angles of the xz- and yz-
patterns [1]. As demonstrated in Fig 4, the measured an-
tenna efficiency remains approximately between 80% and 88%
which agrees closely with predicted values obtained through
simulations. The average antenna efficiency of 82% is very
encouraging but slightly lower than that of a complementary
5.8-GHz dipole antenna simulated with the same PEDOT
material in CST, namely 90.7%. The lower efficiency can be
attributed to the extra ohmic losses introduced in the slot
antenna microstrip line feed section which does not exist
in the dipole antenna. This can be a consideration while
designing antennas with conductive polymers which usually
have relatively lower conductivity than metals.
IV. CONCLUSION
A flexible 5.8-GHz microstrip-fed slot antenna realized in
PEDOT is designed and experimentally characterized. The
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A
nt
en
na
 E
ffi
ci
en
cy
Frequency (GHz)
0.2
0.4
0.6
0.8
1
5.2 5.4 5.6 5.8 6 6.2 6.4 6.6
Measurement
Simulation
Fig. 4. Simulated and measured radiation efficiency of the PEDOT antenna.
non-metallic antenna performs as expected and has a high
efficiency of 82%, which is lower than that of a complimentary
dipole antenna simulated with identical PEDOT. This suggests
that conductive polymers are very promising as non-metallic
conductor materials for the microwave region, and that for
polymeric antennas, longer conducting path can lead to lower
efficiency due to the higher ohmic losses in the conductor.
For this type of antenna realized in materials with moderate
conductivity, such efficiency considerations are crucial aspects
of design optimization.
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Figure 3.32: Radiation patterns of the methanol treated PEDOT:PSS and copper reference an-
tennas normalised to the maximum gain. Slot antennas tend to operate normal to the ground
plane, thus the xy-plane is excluded. The close agreement between the methanol treated PE-
DOT:PSS antenna and the copper reference antenna indicate both high electrical performance
and high radiation efficiency.
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Fig 2, and a good agreement be ween them is observed.
The PEDOT ant nna has a wid r ba dwidth than the copper
one since it has slig tly higher losses in the conductors. As
expected, the antenna has an op ational bandwidth exte ding
from 5.3 to 6.3 GHz, centered at 5.8 GHz. Moreover, the s m-
ulated |S11| under bent condition with a radius R = 30 mm is
include as w ll nd it indicates that the bending configuration
(Fig. 2 inset) does not introduce significant variations n the
mpedance bandwidth.
The measured radiation p terns f both anten as in xz-
and yz-plane at 5.8 GHz ar displayed in Fig. 3. Typical
characteristics of slot antennas on a finite ground plane are
observed in the patt rns where maximum radia on are direc ed
n rmal to the ground plane. More importantly, the similarity
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distribution in the pattern measurements (Fig. 3). This method
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antenna microstrip line feed section which does not exist
in the dipole ant nn . This can be a consideration whil
designing antennas with conductive polymers which usually
have relatively lower conductivity than metals.
IV. CONCLUSION
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Figure 3.33: Simulat d and expe imental radiation effic ency of the methanol treated PE-
DOT:PSS against the copper reference antenna. The polymer antenna underperforms relative
to the simulation due to the low conductivity within the film interfering with the microstrip
line feed.
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Optimised PEDOT antenna
After substantial development on materials and bath treatments with a focus on maximising
thickness and conductivity, all the antenna results presented so far, an antenna was fabricated
from the ethylene glycol bath method developed in Section 3.4.
To produce the film, 5 mL of PH1000 PEDOT:PSS was dried for 24 hours at 50 ◦C before a
2 hour bath in pure ethylene glycol. The film was then dried for another 24 hours at 50 ◦C.
The result was a 60 µm thick PEDOT:PSS film with bulk conductivity of 546 S cm−1, an
significant improvement over the conductivities of films of similar thicknesses produced from
other methods. The ethylene glycol soaked PEDOT:PSS film was laser cut into a dipole antenna
optimised for a frequency of 2.45GHz, and compared with an identical copper reference antenna
cut from 60 µm copper foil.
The reflection coefficient |S11| for the ethylene glycol treated PEDOT:PSS and copper reference
antennas were measured experimentally and simulated using CST Microwave Studio 2015,
Figure 3.34. The polymer antenna met and exceeded the 2.45 GHz design, with an effective
impedance bandwidth of roughly 2.25-2.75 GHz (|S11| < -10 dB). The PEDOT:PSS antenna
performed almost identically to the copper reference antenna, with slightly lower gain but the
same impedance bandwidth. The experimental response was in reasonable agreement with the
simulation, as expected from the high performing PEDOT:PSS antenna.
Radiation patterns for the ethylene glycol treated PEDOT:PSS antenna and the copper refer-
ence antenna are shown in Figure 3.35. The radiation patterns show striking similarity between
the PEDOT:PSS and the copper reference antennas. The xy, xz and yz-planes demonstrate the
antenna response similarity from different orientations, the PEDOT:PSS antenna responding
almost identically to the copper reference antenna. As expected the ground plane (xy-plane)
performs omnidirectionally, and the xz- and yz-planes show zeros at 0◦ and 180◦. The asym-
metry of the co-polarisation current components on the xz-plane are due to interference of the
SMA connectors and right-angle electrical components in the xz-plane measurement path.
The antenna efficiency of the ethylene glycol treated PEDOT:PSS was calculated based on
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Figure 3.34: Simulated and experimental |S11| reflection coefficient of the ethylene glycol
treated PEDOT:PSS antenna and the copper reference antenna. Close agreement between
the simulated and experimental reflection coefficients indicate the antennas are performing as
expected based on their electrical characteristics. The ethylene glycol treated PEDOT:PSS
antenna has almost identical operational bandwidth and gain response to the copper reference
antenna, indicating very high electrical conductivity and antenna performance.
the directivity-gain measurement relative to the copper reference antenna. The PEDOT:PSS
antenna performed exceptionally well, with an outstanding peak antenna efficiency of 99.7% at
2.50 GHz and a 98.9% average antenna efficiency over the operational bandwidth 2.3-2.7 GHz.
The high efficiency confirms a highly conductive polymer, and a true comparison with the
copper reference antenna. This performance is beyond what has been claimed in the literature,
to our knowledge there is no reported polymer antennas with comparable efficiency.
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Figure 3.35: Radiation patterns of the ethylene glycol PEDOT:PSS antenna and copper ref-
erence antenna in the xy-, xz- and yz- planes, normalised to maximum gain. Again the close
agreement between the polymer and copper reference antennas indicates very high electrical and
antenna performance. The xz-plane asymmetry is due to experimental equipment interfering
in the measurement path.
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Figure 3.36: Simulated and experimental antenna efficiency of the ethylene glycol PEDOT:PSS
antenna against the copper reference antenna. The antenna significantly and repeatedly out-
performed the simulated efficiency, indicating the electrical performance exceeded expectations.
The PEDOT:PSS antenna achieved 98.9% efficiency over the measurement bandwidth, and a
peak 99.7% efficiency at 2.5 GHz.
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3.6 Conclusion
3.6.1 Summary of chapter findings
A novel fabrication technique was developed to consistently produce high performance, high
thickness PEDOT:PSS films for use as RFID antennas. The new method repeatably fabricated
PEDOT:PSS PH1000 films over 500 S/cm at 35 µm thickness, excellent consistency for lab scale
polymer fabrication at thickness capable of antenna development. The PEDOT:PSS antenna
performed outstandingly, with up to 99.7% the efficiency of the copper reference antenna of the
same thickness and dimensions.
Soaking thick (>50 µm), dried PEDOT:PSS films in ethylene glycol for 1 hour was found to
dramatically increase the conductivity and consistency. AFM was used to show penetration
by the polar solvent ethylene glycol increased phase separation between PEDOT and PSS
within the PEDOT:PSS colloidal particles, increasing film roughness by 23%, and improving
the PEDOT-PSS composition and structural arrangement in the conductive networks. Further
phase imaging showed saturation in ethylene glycol induced conformational relaxation in the
PEDOT chain structure, increasing chain-to-chain contact and the interconnectivity of the
conductive network, increasing conductivity by 26%.
XPS and UV-Vis spectroscopy confirmed the ethylene glycol bath exclusively removed excess
PSS from the PEDOT:PSS film. TGA of the ethylene glycol bath solution showed a reduction
in film mass by 21%, all PSS, thus increasing the PEDOT-to-PSS ratio from 29% to 37% as
well as improving the film nanostructure.
The optimised PEDOT:PSS material was highly functional in multiple antenna configurations:
an ultra-wideband non-resonant antenna, a microstrip-fed slot antenna, and a simple dipole an-
tenna. The ultra-wideband antenna achieved 85% radiation efficiency over 2.2-20 GHz without
compromising mechanical conformational durability. A 5.8 GHz microstrip-fed slot antenna
achieved 82% radiation efficiency, lower than expected or simulated due to the electrical conduc-
tivity of the PEDOT:PSS feed line, as required by this design. A methanol treated PEDOT:PSS
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antenna achieved 91% 2.45 GHz radiation efficiency dipole antenna, with excellent directional
gain and operational bandwidth. The optimised ethylene glycol PEDOT:PSS was fabricated
into a 2.45 GHz dipole antenna, achieving 98.9% radiation efficiency over the 2.25-2.75 GHz
operational bandwidth, with a maximum of 99.7% radiation efficiency at 2.5 GHz. Thus PE-
DOT:PSS films prepared in a way to maximise the performance of the nanostructure were
shown to produce highly effective, flexible and mechanically robust RFID antennas.
Antenna performance under mechanical conformation was performed in 30◦ increments be-
tween 0◦ and 180◦. Articulation up to 60◦ had insignificant effect on antenna performance and
operational bandwidth, with only slight effect up to 90◦. Further articulation increased the
operational bandwidth through the frequency range as the effective antenna length reduced.
Flexible, highly efficient polymeric antennas have been realised using an optimised PEDOT:PSS
fabrication technique to maximise PEDOT nanostructural performance. Maximum antenna
efficiency was effectively equivalent to copper of the same dimensions of thickness, the standard
material used in planar antenna manufacture. The last step in non-metal RFID technology has
been produced, potentially allowing flexible, printable RFIDs to be manufactured in the near
future.
3.6.2 Future work
The vast majority of PEDOT:PSS research has been performed on nano-scale thin films taking
advantage of PEDOT:PSS transparency. This work examined many factors in an effort to
optimise thick film fabrication, however time and resource constraints limited the practical
scope. Further bath method optimisation is possible by using different co-solvents and blends
of cosolvents at different concentrations, and by altering dry time and rigorously examining the
effect of mechanical properties.
Using several of the methods described in the literature the conductivity of these thick PE-
DOT:PSS films can likely be pushed further. Techniques such as vapour and chemical annealing,
can be further explored to increase conductivity, however film penetration and contamination
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will remain a challenge. Further increased conductivity, however, will decrease the required
thickness and therefore material for an equivalent antenna.
Long term RFID use, mechanical fatigue testing and stability in various environments will add
to the understanding of practical PEDOT:PSS devices for future research.
Further, compositing PEDOT:PSS with other carbon and non-carbon materials will signifi-
cantly alter and complicate the film structure. Composites with graphene oxide, carbon nan-
otubes, carbon black, graphite, silver nanoparticles and gold nanorods were all briefly looked
at in this work, however time and resource restraints focussed the work on developing the
technique.
The mechanism for rapid PSS migration during the ethylene glycol bath is not well understood,
nor whether the PSS is equally distributed through the film.
Lastly, it was noted the RMS roughness increase, the film mass decrease (PSS removal), and
conductivity increase between the control and soaked films were remarkably similar in propor-
tion. The RMS roughness increase is linked to conductivity increase, as it is a measure of the
PSS phase migration and PEDOT conformational changes; and removal of excess, non-dopant,
insulative PSS from the film is inherently likely to increase conductivity. Unfortunately further
exploration was inconclusive.
Chapter 4
PEDOT:PSS Electrode Modification in
Zinc/Bromine Batteries
4.1 Abstract
Zinc/bromine flow batteries are commercially sold in non-portable, low-power density appli-
cations, such as backup power supplied for large buildings/sites, and storage of intermittently
generated renewable energy. Despite the high theoretical energy density, zinc/bromine batteries
have generally specific energy, less than 20% of the theoretical value. Significant design com-
promise is required to minimise zinc dendrite formation, degradation of the electrode material,
and ensure containment of elemental bromine evolution, whilst maintaining practical capacity
and cycle stability. A key area of sacrifice in commercial zinc/bromine batteries are the battery
electrodes. To ensure electrode stability and predictable electrochemistry, it is common to use
carbon nanotubes (CNT) immersed in high-density polyethylene (HDPE), a very low conductiv-
ity non-metal electrode material. In this chapter, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) is layered onto the CNT/HDPE electrode surface so increase charge
transfer between the electrolyte and current collector.
The addition of PEDOT:PSS to the CNT/HDPE electrode substantially increased the charge
transfer rate. Charge and discharge current densities were increased by over 20%, while peak
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charge density was more than double the bare electrode charge density, for both oxidation
and reduction. Energy density increased by over 50%, greatly improving the capacity of the
electrodes. Cyclic voltammetry showed the modified electrode to be highly stable and reversible,
with little effect due to PEDOT reduction. Tafel analysis showed high electrocatalytic activity
from PEDOT:PSS, increasing the efficiency of electrolytic redox reactions. Overall, the addition
of PEDOT:PSS prepared in the highly conductive, stable method in Chapter 3, increased almost
every electrochemical performance parameter over the bare electrode.
4.2 Chapter introduction
As the previous two experimental chapters have shown, carefully fabricated PEDOT:PSS with
specific consideration of PEDOT:PSS nanostructure and morphology can yield exciting electri-
cal performance. Novel and diverse applications arise due to the high specific conductivity and
micron-scale sample thickness. Further high absolute conductivity, maintained due to tech-
niques developed in Chapter 3, substantially widens the practical application of PEDOT:PSS.
In this chapter the potential for PEDOT:PSS electrode modification in zinc/bromine flow bat-
teries is investigated. Over the last decade zinc/bromine flow batteries have shown increasing
potential for non-portable electrochemical storage, such as the storage required to improve
the contribution of wind, solar and other renewables to the electrical grid. Multiple interna-
tional companies are producing zinc/bromine flow batteries for this purpose, competing against
residence-scale lithium ion batteries. The price and abundance of raw materials, large potential
storage capacity due to the flow design and very high theoretical specific capacity 440 Wh/kg
[77]. place this technology as a prime candidate for widespread base load energy storage. Com-
mercial specific capacity is under 20% of the theoretical specific capacity of the zinc/bromine
redox pair, indicating considerable room for capacity improvement [78, 79].
Due to the corrosive environment of zinc/bromine flow batteries, commercial manufacturers
use non-metal electrodes, such as carbon black or CNTs mixed with a binder such as HDPE.
Such low conductivity electrode material has a significant, detrimental effect on battery per-
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formance. PEDOT:PSS has been found to substantially increase the specific capacity and
charge-discharge performance in a multitude of different battery chemistries. Thus the devel-
opment in PEDOT:PSS fabrication techniques is applied to the zinc/bromine flow battery.
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4.3 Literature Review
4.3.1 Introduction
Fluctuations in available energy and usage are increasing further as renewable energy sources
connect to the grid. Renewable energy from sources such as photovoltaic cells and wind turbines
are characteristically irregular, with outputs dependent on local weather conditions. This
creates a discrepancy between the power usage and production, for example peak solar cell
output is during the middle hours of the day, while much of the population is not home.
Energy storage on a variety of different scales can entirely alleviate this discrepancy [19, 80–84].
Substantial time and effort has been devoted to improving battery technology to economically
and reliably serve this transient imbalance between energy supply and demand [85–89]. Lithium
ion has remained widely used commercially and has been highly favoured by researchers for
decades due to the high energy density [89], however lower cost alternative battery technologies
may be available for non-portable grid-based energy storage, such as redox flow batteries.
Redox flow batteries are a class of battery defined by the storage of chemical energy in elec-
trolytes flowing through the electrodes, similar to a fuel cell [90]. Traditional battery tech-
nologies store the chemical energy in electrode materials, however the flow batteries use redox
couples within anode and cathode electrolytes to store energy in storage tanks. Each electrolyte
contains a soluble redox pair, reversibly converting chemical energy to electrical energy as the
electrolytes are pumped from storage tank through a cell stack [90]. As non-portable energy
storage, the specific capacity is not as critical as it is for electric cars, phones and watches, with
higher priority attributed to absolute density, stability, reliability and cost.
Dozens of flow battery chemistries and configurations have been examined, with widely differing
results, including all-vanadium, hydrogen/bromine, zinc/bromine, sodium/iodine, all-copper,
iron-air and many more [91–109]. Zinc/bromine flow batteries have significant potential due to
their high theoretical specific energy, 440 Wh kg−1, relatively low cost and abundant materials
[88, 105, 110, 111].
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4.3.2 Zinc/bromine flow batteries
The electrolyte is primarily composed of zinc bromide (ZnBr2), the active redox pair, in aqueous
solution. The electrolyte also contains a quarternary bromide salt (QBr) sequestering agent
such as N-methyl N-ethyl pyrrolidinium bromide (MEP) or N-methyl N-ethyl morpholinium
bromide (MEM) [112]. Due to bromine evolution at the cathode, the sequestering agent is used
to form a bromide complex, preventing the hazardous and corrosive gas from release, as well
as preventing the loss of bromine from the electrolyte.
As shown in Figure 4.1, zinc is deposited from the electrolyte to the anode as the battery charges.
The flow design continually refreshes the anode electrolyte, immediately removing the depleted
solution. Similarly on the cathode side, the bromine evolution from the cathode is captured
by the sequestering agent and deposited to a storage tank with the depleted electrolyte. The
battery discharge is the opposite process, redissolving the zinc from the anode and the bromine
from the sequestering agent.
Figure 4.1: ZnBr2 Flow Battery [19]
The zinc half cell reaction, shown in Equation 4.1, shows zinc electroplating onto the anode.
During battery discharge, zinc returns to the electrolyte in the reverse reaction.
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Zn2+ + 2e− −→ Zn,E0 = − 0.76 V vs SHE (4.1)
Where SHE is relative to a standard hydrogen electrode. The bromine half cell reaction, shown
in Equations 4.2 and 4.3, shows bromine evolution and sequestration from the cathode. During
battery discharge, bromine returns to the electrolyte in the reverse reaction.
2Br− −→ Br2 + 2e− (4.2)
Br2 + QBr −→ Br2 −QBr complex (4.3)
During discharge, bromine dissociates from the QBr and is reduced to anionic bromide, Equa-
tions 4.4 and 4.5.
Br2 −QBr complex −→ Br2 + QBr (4.4)
Br2 + 2e
− −→ 2Br−, E0 = 1.065 V vs SHE (4.5)
The overall battery reaction is therefore presented in Equations 4.6 and 4.7.
ZnBr2 −→ Zn + Br2 (4.6)
Zn + Br2 −→ ZnBr2, E0 = 1.828 V vs SHE (4.7)
Based on the half cell potentials, the theoretical potential of the overall battery is 1.828 V . In
practise, inefficiencies of the electrodes, membrane and electrolyte will reduce this potential.
The bromine redox reaction is generally considered to be less efficient than the zinc-side redox,
and thus the zinc-side is often neglected in zinc/bromine flow battery research and development.
As such, the zinc-side electrode has significant, unexplored potential to increase the performance
of the battery as a whole, and is the focus of this study.
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Zinc bromide is the primary electrochemically active species in the electrolyte - the species
whose oxidation and reduction at the electrodes drive the battery power, and store electro-
chemical energy as plated zinc and sequestered bromine. The ZnBr2 concentration is typically
high at 1-3 M [113]. Significant variation in the zinc bromide concentration occurs due to
electroplating and sequestering of zinc and bromine, respectively, at the electrodes during the
charge phase, where zinc and bromine are removed from the electrolyte. The sequestering
agent prevents elemental bromine evolving at the cathode and leaving the electrolyte, rather
complexing bromine with a quarternary bromine salt [112]. The QBr sequesters bromine as
a dense, oily phase within the electrolyte. The QBr is typically added in a ratio of 1:3 with
ZnBr2, and can reduce the bromine concentration in the electrolyte to 0.1 M [113, 114].
Energy efficiency of the zinc/bromine cell is based on the Coulombic and voltaic efficiencies
[115]. Coulombic efficiency is largely influenced by the conductivity and ionic interaction in
the electrolyte, voltaic efficiency is generally influenced by electrode and membrane proper-
ties. Overall cell efficiency is dependent on both voltaic and Coulombic efficiencies; if one
efficiency parameter is reduced, the overall efficiency will reduce. Coulombic efficiency can be
significantly reduced by competing or parasitic chemical or electrochemical reactions, thus it is
common practise to introduce other electrochemically active, pH neutral species to increase the
electrolyte conductivity, therefore increasing the Coulombic efficiency and positively impacting
the overall cell efficiency. However, the increase in cell performance has to outweigh the added
mass to the electrolyte for the overall cell specific energy to increase. A common choice in
supporting electrolyte is potassium chloride, due to its low molecular weight, high dissociation
constant and it’s ability to maintain relatively good electrolyte conductivity during battery
operation.
4.3.3 Zinc/bromine battery state of development
Zinc/bromine flow batteries have been under steady development for decades, with a multitude
of different studies incrementally optimising cell designs and electrolyte chemistry [77, 88, 110,
111, 113, 114, 116–120]. The long development period of zinc/bromine flow batteries has
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resolved many of the common issues, such as short-circuiting from dendrite formation on the
zinc-side electrode, and bromine corrosion of electrodes and battery fabrication materials [88].
However poor cycle stability, potential for self-discharge and poor operational efficiency remain
challenges in zinc/bromine flow battery development [90]. High energy density, deep discharge
capability and long lifetimes demonstrate the zinc/bromine flow battery potential, especially
if the low charge and energy efficiencies can be improved [88]. Several commercial companies
manufacture and sell zinc/bromine flow batteries, such as RedFlow Ltd. [78], Primus Power
[121] and ZBB Energy Corp [79, 88]. Despite developing marketable products for residential-
scale power, the specific energy achieved is less than 20% of the theoretical maximum, 440
Wh kg−1 [88, 89, 111]. Low performance relative to the theoretical specific capacity results in
bigger and heavier products to fit a particular application, hence the market drive to improve
this specific capacity.
One significant area for potential improvement may be electrode design. Commercial zinc/bromine
flow batteries use carbon electrodes, such as carbon black or CNTs in an inert binder, such
as high-density polyethylene (HDPE). The inherently poor conductivity of these electrodes
considerably reduces the charge efficiency and charge rates of the battery as a whole. Incor-
poration of highly conductive PEDOT:PSS to the zinc/bromine electrodes may increase the
charge-discharge performance of the flow battery, addressing one of the primary drawbacks of
zinc/bromine battery design.
4.3.4 PEDOT:PSS electrodes
PEDOT:PSS has been extensively explored as a supercapacitor material [12, 20, 122–131],
however less so as a a battery electrode. While many studies examine the effect of adding
PEDOT or PEDOT:PSS to the electrode composite, primary PEDOT:PSS electrodes have
been difficult to achieve [124, 132, 133].
PEDOT:PSS has been popular in increasing graphene-based electrode conductivity, and sub-
sequently battery performance. Wang et al. [124] found addition of PEDOT:PSS to MnO2-
graphite/CNT electrodes substantially increased the surface conductivity, from 3.26 kΩ to 0.86
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kΩ, and increased specific capacity from 4.50 to 21.0 mAh g−1. Discharge rates indicated
substantially increased electrochemical performance, due to a highly conductive PEDOT:PSS
layer on the electrode surface and low-resistance electrochemical bridging between MnO2 and
the multi-walled carbon nanotubes (MWCNT) [124]. Further, PEDOT:PSS substantially in-
creased electrochemical and physical electrode stability, especially with the addition of MWC-
NTs when compared with graphite [124]. Guo et al. [132] hierarchically layered MnO2, PEDOT
and graphene to produce very high performance lithium ion battery electrodes. PEDOT was
coated on to 3-dimensional graphene, followed by rod-like layered manganese oxide [132]. At
50 mA g−1 charge rate, the first discharge capacity of the hierarchically nanostructured elec-
trode was 1835 mAh g−1 [132]. After 15 cycles the discharge capacity remained high, at 948
mAh g−1. For comparison, after 15 cycles the 3D graphene discharge rate was 308 mAh g−1, the
layered MnO2 discharge rate was 71 mAh g
−1, and the 3D graphene/layered MnO2 discharge
rate was 421 mAh g−1 - all substantially lower than the layered MnO2/PEDOT/3D graphene
electrode [132]. Further the MnO2/PEDOT/3D graphene electrode responded very well at
high charge-discharge rates, with discharge capacity of 698 mAh g−1 at 400 mA g−1 [132]. The
electrode was highly stable, returning to almost the same capacity at 50 mA g−1 after high
charge-discharge rate testing [132]. Addition of PEDOT:PSS to low conductivity electrodes
substantially increased the performance of the battery, as well as the specific capacity.
PEDOT itself can be reduced to create a potential difference and operate as an all-PEDOT
battery, with highly stable results. Reyes-Reyes and Lo´pez-Sandoval [133] fabricated a highly
stable PEDOT-air battery by reducing, or dedoping, PEDOT from PEDOT+ in PEDOT:PSS
to PEDOT0 using DMSO and 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU). The flexible battery
was electrochemically stable, environmentally stable producing 0.8 V open circuit voltage for
30 days, with power output on the scale of wireless transceivers and sensors [133]. As initially
developed by Xuan et al. [134], the addition of polyethyleneimine (PEI) balances the reaction
of oxygen to air and to maintain a low oxidation level at the anode, and oxygen from air at
the cathode maintains the oxidised state. Xuan et al. [134] achieved 0.5 V open circuit voltage
in their prototype. Using the same principle to fabricate electrodes, Aradilla et al. [135] syn-
thesised then electrochemically oxidised and reduced PEDOT, PEDOT-poly(N-methylpyrrole)
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(PNMPy) three layer film, and PEDOT-clay films to fabricate all-polymer batteries. The
all-polymer batteries significantly outperformed the PEDOT-clay composite. The all-PEDOT
battery matching the PEDOT-PNMPy composite performance while retaining more stability,
over 80% after 65 days [135]. The specific capacity, however, of PEDOT/PNMPy/PEDOT was
substantially higher at 60 F g−1, compared to 46 F g−1 of all-PEDOT [135].
Addition of PEDOT:PSS was consistently found to improve battery stability in a range of
different battery configurations. Winther-Jensen et al. [136] used a PEDOT cathode in a Mg/02
battery with LiCl/MgCl2 electrolyte under very alkaline conditions, pH 11. The electrolyte was
highly concentrated to suppress hydrogen evolution. The cell was highly stable up to 1.5 V
[136]. PEDOT significantly outperformed an identical gold cathode by catalysing an oxygen
reduction reaction, while avoiding significant PEDOT reduction, maintaining the polymer in
its oxidised state [136]. The PEDOT cathode reduction still retained 70% of charge, and
was entirely reversible [136]. Addressing a similarly common anode issue, Simons et al. [137]
constructed a zinc-PEDOT battery with 1-ethyl-3-methylimidazolium dicyanamideionic liquid
as the electrolyte, to minimise dendrite growth. The PEDOT showed minimal degradation
over 320 charge/discharge cycles, however despite high charge efficiency - over 90% - only used
30% of PEDOT theoretical capacity [137]. Adhesion difficulties were likely the cause of the low
40 mAh g−1 PEDOT capacity [137]. Zeng et al. [138] used PEDOT as a buffer layer for the
MnO2 cathode in a flexible, ultra high capacity Zn-MnO2 battery. The battery was extremely
stable at high performance, with discharge capacity of 366.6 mAh g−1 at a high current density
of 0.74 A g−1, and 83.7% charge retention after 300 cycles, compared to 47.2% on a Zn-
MnO2 battery without the PEDOT layer [138]. The PEDOT buffer layer suppressed structural
pulverisation and subsequent dissolution of MnO2, substantially increasing the stability of the
Zn-MnO2 battery - the primary disadvantage of this battery configuration [138, 139]. By
using a polyvinyl alcohol (glsPVA)/ZnCl2/MnSO4 electrolyte the battery retained nearly 100%
Coulombic efficiency after 300 cycles, while maintaining outstanding mechanical flexibility [138].
Nasybulin et al. [140] found substantial catalytic activity by adding PEDOT to Super P carbon
forming a cathode in LI-O2 batteries. The presence of PEDOT lowered charging voltage by 0.7-
0.8 V compared to the Super P carbon electrode [140]. The catalytic effect is due to overlapping
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redox activity between PEDOT and the Li-O2 reactions [140]. Decomposition of the electrolyte
LiTFSI limited the stability testing of the PEDOT electrode [140].
Addition of PEDOT:PSS to lithium battery electrodes was also found to substantially increase
stability and performance. Yang et al. [141] coated carbon/sulfur cathode in commercially
available PEDOT:PSS (PH1000) to improve the capacity and stability in a lithium-sulfur bat-
tery configuration. The polymer surface coating effectively trapped polysulfides, minimising
cathode loss due to dissolution [141]. Initial discharge capacity was 10% higher than the non-
polymer coated control electrode, at 1140 mAh g−1 [141]. Discharge capacity remained over
600 mAh g−1 for 150 cycles, whereas the bare electrode dropped below 600 mAh g−1 within
the first hundred cycles [141]. In prolonged cycling the capacity retention increased from 60
to 85% per 100 cycles, and Coulombic efficiency increased from 93 to 97% [141]. Her et al.
[142] coated LiCoO2-Ketjenblack(KB) electrodes with PEDOT then compared the effect on a
lithium ion battery. The addition of PEDOT doubled the specific capacity for all scan rates
to 500 mV g−1, and significantly increased the charge cycle stability [142]. It was found the
addition of PEDOT coating enhanced the intercalation/de-intercalation of lithium ions, and
further enhanced the rate capability [142]. Chen et al. [143] used PEDOT:PSS, vapour-phase
polymerised PEDOT and poly(vinylidene fluoride) (PVDF) to fabricate a free standing aligned
carbon nanotube (ACNT) electrode for a lithium ion battery. The deposited PEDOT layer
substantially increased interconnectivity between the ACNTs, increasing conductivity and pro-
ducing high charge-discharge rates [143]. PEDOT was found to increase stability by minimising
electrode dissolution to the electrolyte compared to copper containing electrodes, stabilising at
265 mAh g−1 from 5-50 cycles, significantly higher than other single-walled carbon nanotube
electrodes [143].
PEDOT:PSS has not been extensively investigated for use in battery electrode design. However
a broad range of battery chemistries and electrode configurations found addition of PEDOT:PSS
to the electrode substantially increased the cycle stability, specific capacity and charge-discharge
rate. As such, PEDOT:PSS has been shown to be a high performing candidate when investi-
gating new electrode compositions.
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4.3.5 Summary
Zinc/bromine flow batteries have shown significant potential as a technology to provide the
missing step in renewable energy generation and use. Reasonable energy density, extensive
discharge capability, long lifetimes and capability to run the cell as a pseudo fuel cell from the
charged electrolyte are highly favoured characteristics of the zinc/bromine cell configuration.
Unfortunately, poor charge efficiency and charge rates lower the cell efficiency. The low charge
parameters are due to compromises made in the cell design to minimise dendrite formation,
self-discharge, corrosive effects and electrical shorting. One of the primary compromises is the
use of non-metal electrodes, in commercial applications this is often a CNT/HDPE compos-
ite. The non-metal electrodes are significantly less conductive than the electrode counterparts
in other battery configurations, impacting current densities through the battery cycling, and
lowering overall cell efficiency. Addition of a highly conductive current collector, such as a PE-
DOT:PSS layer, may significantly increase the electrochemical performance of the zinc/bromine
flow battery configuration.
PEDOT:PSS has been used to increase the electrochemical performance of a multitude of
battery configurations and chemistries. With differing levels of success, the addition of PE-
DOT:PSS invariably increases the energy density, charge rates and cycle stability of the bat-
teries. The highly conductive, highly porous polymer bypasses the low conductivity pathways
between electrolyte and electrode, increasing overall cell electrochemical performance. PE-
DOT:PSS has the potential to substantially increase the zinc/bromine cell efficiency, addressing
one of the major disadvantages of the high potential zinc/bromine technology.
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4.4 Methodology
To improve the zinc/bromine flow battery electrode performance, a highly conductive PE-
DOT:PSS film would be attached to the industry standard carbon nanotube(CNT)/high-
density polyethylene (HDPE) electrode.
4.4.1 Materials
Heraeus Clevios PH1000 was chosen as the highest performing PEDOT:PSS in earlier testing,
and its widespread study in literature. PH1000 was sourced from Heraeus. Ethylene glycol,
zinc bromide, zinc chloride, potassium chloride and N-methyl N-ethyl pyrrolidinium bromide
(MEP) were sourced commercially.
4.4.2 PEDOT:PSS film fabrication
Section 3.4 developed and optimised a novel fabrication technique for highly conductive, micron-
scale thickness PEDOT:PSS films. Where possible, PEDOT:PSS films were prepared in the
same manner as as this technique.
Ethylene glycol was added at 5% (v/v) to a solution of PEDOT:PSS and stirred vigorously for
20 minutes at room temperature. 3 mL of the polymer formulation was added to 30x30 mm
teflon moulds, covered, and dried in a fan forced oven at 50◦C for 24 hours.
The conductivity was calculated from the sheet resistance, measured by Jandel 4-point probe
and averaged over 9-16 points, and film thickness was measured by micrometer over the same
points range.
The films were then soaked for 1 hour in ethylene glycol. The soaked films were removed,
covered, and dried in a fan forced oven at 50◦C for 24 hours. Conductivity was again measured,
and the films were ready for adhesion to the substrate.
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Figure 4.2: Dried PEDOT:PSS films prepared with the ethylene glycol bath method.
Drying the films, or the soaked films, on the original CNT/HDPE substrate did not adhere the
film to the conductive plastic.
Adhesives
Many adhesives were used in the attempt to adhere the PEDOT:PSS film to the CNT/HDPE
electrode. The adhesive had to maintain conductivity between the PEDOT:PSS and CNT/HDPE
substrate, and be chemically stable under the harsh conditions of the ZnBr2 electrolyte, elimi-
nating adhesives containing metal, such as silver paste. Further, any reduction effects from the
adhesive on the PEDOT:PSS film would reduce the film conductivity, and potentially destroy
the electrode.
Several adhesives were tried:
1. Carbon black adhesive paste - did not adhere. Powerful reducing agent, destroying the
PEDOT:PSS film.
2. Graphite adhesive paste - did not adhere to substrate.
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3. Carbon tape - strong adhesion, but poor conductivity between PEDOT:PSS film and
substrate. Significant degradation during charge cycling.
Surface modification treatments
Rather than adhere to the CNT/HDPE as it was, surface modification was investigated to
improve adhesion.
UVOTECH UV-Ozone surface modification was used to treat the CNT/HDPE surface. UV-
Ozone treatment cleans the material surface while significantly increasing the wettability. De-
spite substantial treatment duration and intensity, the clean had only a small effect on adhesion.
The PEDOT:PSS films would quickly peel off the substrate, especially when exposed to the
electrolyte.
A custom built plasma system was used at The University of Sydney to modify the CNT/HDPE
surface. The plasma treatment used oxygen as the reactive media, and an argon/helium mixture
as the carrier gas [144]. The plasma treatment was ultimately successful in modifying the
CNT/HDPE surface enough for PEDOT:PSS film adhesion. The plasma treatment etched
away the CNT/HDPE surface, changing the colour and occasionally warping the plastic, shown
in Figure 4.3. The increased proportion of functional groups combined with the increased
wettability on the CNT/HDPE, provided ample morphology for PEDOT:PSS adhesion at the
nanoscale [145]. Thus PEDOT:PSS films were dried on freshly plasma treated CNT/HDPE
after the normal ethylene glycol bath step.
To perform the full PEDOT:PSS treatment, the first stage dried PEDOT:PSS films were
soaked in ethylene glycol for 1 hour. The wet film was then placed on freshly plasma treated
CNT/HDPE and dried in a fan forced oven at 50◦ for 24 hours.
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Figure 4.3: Plasma treated CNT/HDPE. Both images show the modified surface is clearly
distinct from the untreated edges, outside of the plasma treatment range.
4.4.3 Electrode fabrication
Section 3.4 outlined a fabrication technique for 40 µm highly conductive free-standing PE-
DOT:PSS films. Initial efforts investigated the possibility of a pure PEDOT:PSS electrode,
however the films flexibility and PEDOT:PSS electroactivity produced a large mechanical re-
sponse during cyclic voltammetry, the film shifting from vertically oriented and fully submerged
in the electrolyte, bending 90◦ to lie much of the film on the electrolyte surface despite the sub-
merged mounting.
Existing zinc/bromine batteries use CNT/HDPE as electrodes, substantially limiting the bat-
tery performance due to the low conductivity of these electrodes. One of the primary difficulties
with these electrodes is the lack of contact between conductive CNTs and the electrolyte as
the CNTs are insulated by a layer of HDPE. Adhesion of a highly conductive PEDOT:PSS
film to the surface significantly increases the effective surface area with the PEDOT:PSS acting
as a current collector for the CNT/HDPE electrode. By modifying the electrode with plasma
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treatment, and drying the highly conductive ethylene glycol soaked PEDOT:PSS films on the
electrode material, an intimate, high conductivity adhesion was formed. The adhesion was
retained after dozens of cycles between 0 and -1.0 V in the zinc/bromine electrolyte, showing
no signs of degradation.
Electrodes were prepared and cut to expose a surface area of 0.3 cm2 to the electrolyte.
4.4.4 Electrolyte
Zinc bromide, zinc chloride, potassium chloride and N-methyl N-ethyl pyrrolidinium bromide
(MEP) were sourced commercially. The primary electrolyte used in zinc/bromine batteries
is zinc bromide, ZnBr2, dissolved in an aqueous solution to a concentration of 2.5 M . Zinc
chloride and potassium chloride were added as supporting electrolytes at 1 M concentration
each, and MEP was added at 1 M concentration to sequester elemental bromine. As only the
zinc-side half-cell was relevant to this study, the MEP is present for consistency.
4.4.5 Characterisation
A glass, three terminal electrochemical cell was used to study the zinc-side half cell performance
of the PEDOT:PSS modified electrode. The counter electrode was a polished vitreous carbon
rod of 5mm diameter, and silver-silver chloride (Ag/AgCl) was used for the reference electrode.
The half-cell apparatus was assembled in a Faraday cage due to the sensitivity of electrochemical
impedance spectroscopy to electrochemical interference.
Electrochemical characterisation was performed on the zinc-side half-cell using a Bio-Logic SP-
300 potentiostat and EC-Lab software. Cyclic voltammetry was run at 10 mV s−1 with step
size of 2 mV . Scanning potential from 0 to -1.0 V verses a Ag/AgCl reference electrode. Scan
stability was achieved by the 6th cycle. Linear sweep voltammetry (LSV) was performed at
the low scan rate of 2 mV s−1 from -1.0 to 0 V .
Sheet resistance was measured using a Jandel 4-point probe and 40 µm probe head, over 16
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points per film. The thickness was measured by manual micrometer. Bulk conductivity in
standard units, S cm−1, was calculated using the sheet resistance and thickness according to
the following formula:
ρ = Rs · t (4.8)
Where:
ρ = bulk resistivity in Ω · cm
Rs = sheet resistance, in Ω / 2
t = thickness, in cm
and
σ = 1/ρ (4.9)
Where:
σ = bulk conductivity, in standard S cm−1
4.4.6 Analysis
Cyclic Voltammetry
A series of key electrochemical performance measures were calculated for the forward and
reverse scans, i.e. the reduction and oxidation cycle, respectively, presented in Table 4.1. j is the
maximum current through the electrode and electrolyte, read directly from the voltammogram.
Q is the charge density, obtained by integrating under the power verses time plot. P∗ is
the maximum power, read directly from the power against time plot. E∗ is the energy density,
calculated by integration under the power versus time plot. NOP is the nucleation overpotential
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for zinc deposition, calculated by the difference between the deposition potential, DP , obtained
by differentiation of the current verses voltage voltammogram, and the cross-over potential,
COP , read directly from CV plots. The potential at which the stripping peak occurred, jox−E,
was read directly from the voltammograms. Power and energy figures were calculated against
a silver/silver chloride (Ag/AgCl) reference electrode.
Tafel Analysis
A linear sweep voltammogram was performed at a low scan rate of 2.0 mV s−1 between -1.0
and 0.0 V to collect accurate data for the Tafel analysis. The logarithm of the current density
was plotted against the potential (relative to the Ag/AgCl reference electrode), and a Tafel fit
performed by the EC-Lab software. The Tafel fit is calibrated by adjusting the extrapolated
lines of the anodic and cathodic curves to intercept at the corrosion potential, Ecorr. The
exchange current density, i0, is the current density at the interception of the extrapolated lines
of the anodic and cathodic curves, and represents the electrocatalytic ability of the electrode.
The equations for Tafel fitting in the linear regions of the Tafel plots, shown in Equations 4.10
and 4.11.
log|i| ≈ E − E0
βa
+ log(i0), for E >> E0 (4.10)
log|i| ≈ E − E0
βc
+ log(i0), for E >> E0 (4.11)
Where: i is the current density in mA, cm−2
i0 is the electrocatalytic capability of the electrode, mA, cm
−2
E is the working electrode potential verses AG/AgCl reference, V
E0 is the corrosion potential, V
βa is the anodic Tafel constant, V dec
−1
βb is the cathodic Tafel constant, V dec
−1
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The polarisation resistance, Rp, was calculated using Equation 4.12:
Rp =
βaβc
i0(βa + βc)ln10
(4.12)
Where: Rp is the corrosion resistance, Ω
Electrochemical Impedance Spectroscopy
The potentiostatic electrochemical impedance spectroscopies were performed by holding the
working electrode at -1 V verses the Ag/AgCl reference for 1 minute to electrodeposit zinc
on to (or in to) the electrode. EIS open circuit potential scans were performed at 10 mV
perturbation from 250 kHz to 50 mHz. All electrochemical testing was performed in a Faraday
cage to minimise interference from external sources.
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4.5 Results and discussion
A PEDOT:PSS modified zinc/bromine battery electrode was fabricated using the method in
Section 3.4. The zinc-side half-cell was selected due to the potential interaction between the
porous PEDOT:PSS film and zinc deposition, and the corrosive effect of bromine. A 40 µm
PEDOT:PSS film was soaked in ethylene glycol and dried onto a plasma treated CNT/HDPE
commercial zinc/bromine battery electrode. The PEDOT:PSS modified electrode was cut to a
5x6mm size and tested against an unmodified zinc/bromine electrode in a zinc half-cell battery,
shown in Figure 4.4.. Characterisation was performed using cyclic voltammetry, Tafel analysis
and electrochemical impedance spectroscopy.
Figure 4.4: PEDOT:PSS modified zinc/bromine battery electrodes. The one on right has
experience some mechanical degradation.
Cyclic voltammetry measures the current response of a working electrode over a steadily ramped
and cycled potential range. In a half cell, potential is measured against a reference electrode,
Ag/AgCl in this configuration. The resulting cyclic voltammogram allows substantial study of
electrochemical parameters of the half-cell. Tafel slope analysis is used to relate the kinetics
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of the redox reactions to the overpotential of the zinc-side half-cell. Tafel analysis provides
quantitative insight to the electrocatalytic capability of the electrode at the electrode-electrolyte
interface, and the polarisation resistance of the redox pair at that interface. Electrochemical
impedance spectroscopy (EIS) was performed to examine the reaction kinetics via the resistance
to redox reactions of the zinc half-cell. EIS compares different forms of resistance measured by
half-cell response to changing input frequency, such as resistance of ion migration through the
electrolyte, resistance due to like-charge ions gathering at the electrode surface, and a capacitive
effect at the electrode-electrolyte interface due to the inherent dielectric.
These electrochemical analytic techniques provide a comprehensive picture of the zinc/bromine
redox response to the addition of highly conductive PEDOT:PSS to commercial CNT/HDPE
electrodes.
4.5.1 Cyclic voltammetry
The cyclic voltammograms for the PEDOT:PSS modified electrode and the standard zinc/bromine
electrode are shown in Figure 4.5 at scan rate 10 mV s−1. The final cycle, cycle 20, is shown
however there was minimal difference between cycle 6 and cycle 20. After 20 cycles the adhe-
sion had not appreciably degraded after the plasma treatment, the film still evenly attached
to the substrate, even when dry. The control CNT/HDPE voltammogram is consistent with
other studies [77, 111], however the PEDOT:PSS layer produces a substantial capacitive effect
through much of the potential range, as well as a second set of redox peaks at approimately
-0.25 V [146]. These secondary redox peaks are the oxidation and reduction of PEDOT and PSS
[12]. Often PEDOT/PSS will not reduce effectively due to the increased resistance of PEDOT0
[147], however fully reducible and reversible redox reactions are a result of the conformational
relaxation of tightly coiled PEDOT chains to a linear or expanded coil structure due to the
ethylene glycol treatment [12, 148]. A further indication of high performance PEDOT:PSS
produced using this technique. The reduction of PEDOT is fully reversible, with oxidation
occurring spontaneously in the absence of a potential [148].
A series of key electrochemical performance measures were calculated for the forward and
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Figure 4.5: Cyclic voltammogram of PEDOT:PSS modified electrode and standard electrode,
zinc-side cycle 20.
reverse scans, i.e. the reduction and oxidation cycle, respectively, presented in Table 4.1. j is
the maximum current through the electrode and electrolyte. Q is the charge density per square
centimetre. P∗ is the maximum power. E∗ is the energy density. NOP is the nucleation
overpotential for zinc deposition, calculated by the difference between the deposition potential,
DP , and the cross-over potential, COP . jox−E is the potential at which the stripping peak
occurs. Power and energy figures were calculated against a silver/silver chloride (Ag/AgCl)
reference electrode.
The PEDOT:PSS modified electrode performance was greater than or equal to the standard
electrode performance by almost every measure. The maximum electrodeposition and stripping
current densities were 22 and 19 % higher respectively, due to the increased conductivity of
PEDOT:PSS over the CNT/HDPE allowing greater charge transfer. The maximum reduction
power was calculated using the maximum current at a lower scan limit of -1 V vs the Ag/AgCl
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Table 4.1: Cyclic voltammetry of the standard zinc-side electrode against the PEDOT:PSS
modified electrode.
PEDOT:PSS Modified Electrode Bare Control Electrode Std Error
jred, mA cm
−2 -6.37 -5.21 0.2
jox, mA cm
−2 5.00 4.20 0.4
jox−E, mV -570.0 -558.8 1.0
Qred, mC cm
−2 229.7 109.5 1.2
Qox, mC cm
−2 193.3 84.3 4.1
Qeff , % 84.2 77.0 3.6%
P∗red, mW cm−2 6.37 5.21 0.2
P∗ox, mW cm−2 2.86 2.36 0.3
P∗eff , % 44.9 45.3 0.6%
E∗red, mJ cm−2 159.9 103.2 1.2
E∗ox, mJ cm-−2 73.5 45.5 1.4
E∗eff , % 46.0 44.1 1.5%
DP , mV -846.5 -813.2 0
COP , mV -796.20 -768.63 0
NOP , mV 50.3 44.6 1
reference electrode, resulting in the maximum reduction power and maximum reduction current
of similar magnitude. Conversely, the maximum stripping current density during oxidation
was not at -1 V . The stripping peak of the PEDOT:PSS modified electrode was 21 mV
earlier in the reverse scan than the stripping peak for the CNT/HDPE electrode, indicating
PEDOT:PSS either promoting zinc stripping or a secondary redox reaction. The onset potential
for reduction was slightly higher at -846.5 mv for the PEDOT:PSS modified electrode verses -
813.2mV for the standard electrode, due to the inherent capacitance of PEDOT:PSS consuming
a portion of the charge. While the PEDOT:PSS modified electrode charge efficiency was a
modest 9.3% improvement over the standard, the oxidation and reduction charge densities
were more than double the charge densities of the control electrode. The substantially higher
charge density was due to the significant difference in conductivity and surface area between
ethylene glycol treated PEDOT:PSS and the CNT/HDPE electrode material [149]. Further
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the increase in Coulombic efficiency from 44% to 46% is a direct increase to the overall cell
efficiency due to the zinc-side limitations. The oxidation and reduction power density increased
substantially by 21.0% and 22.2% with the PEDOT:PSS modification respectively, again due to
the increased PEDOT:PSS conductivity. However the power efficiency dropped slightly, likely
due to PEDOT:PSS capacitance. The energy density of the oxidation and reduction increased
substantially, 61.5% and 55.0% respectively, however the energy efficiency only increased 2%.
The NOP increased from 44 to 50 mV , again explained by PEDOT:PSS capacitance [150].
Across all parameters, PEDOT:PSS improved the standard zinc/bromine electrode, with strik-
ing peak charge densities at oxidation and reduction.
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4.5.2 Tafel analysis
Tafel polarisation was plotted to examine the interfacial charge-transfer characteristics of the
zinc/bromine redox couple in the zinc half-cell [151]. The LSV curves were obtained at a low
scan rate of 2 mV s−1, and Tafel fits were performed on logarithmic current density against
the potential. Tafel plots can be divided into three regions of activity, the diffusion zone, Tafel
zone, and potential zone. The mid-range Tafel zone is the primary area for performing the
Tafel fit [152].
The Tafel plots for the PEDOT:PSS modified electrode and standard CNT/HDPE electrode are
shown in 4.6. The larger slopes of the anodic and cathodic curves in the Tafel zone indicate the
PEDOT:PSS modified electrode can initiate reduction of Zn2+ to Zn more effectively than the
control electrode [153, 154], suggesting enhanced electrocatalytic properties of the PEDOT:PSS.
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Figure 4.6: Zinc-side half-cell Tafel plots for PEDOT:PSS modified electrode and standard
electrode. The plots are largely similar, however the higher regions in the Tafel zone indicate
the PEDOT:PSS is more electrocatalytically active than the bare electrode.
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Tafel analysis was performed on the two electrodes and a full set of Tafel fitting parameters
are presented in Table 4.2. The exchange current density, i0, is the current density at the
interception of the extrapolated lines of the anodic and cathodic curves, and represents the
electrocatalytic ability of the electrode. E0 is the corrosion potential, the potential at which
i0 occurs. βa and βc are the anodic and cathodic Tafel constants respectively, and Rp is the
polarisation resistance.
The PEDOT:PSS modified electrode exchange current density, i0, was higher than the CNT/HDPE
exchange current density, indicating higher electrocatalytic activity at the PEDOT:PSS electrode-
electrolyte interface [155, 156], in agreement with the peak charge densities. Further the PE-
DOT:PSS modified electrode substantially reduced the polarisation resistance, Rp, from 170 to
146 Ω, decreasing the energy required for redox reactions, further increasing the performance
of the polymeric electrode.
Table 4.2: Tafel analysis of the standard zinc half-sell electrode against PEDOT:PSS modified
electrode.
PEDOT:PSS Modified Electrode Bare Control Electrode
i0, mA cm
−2 1.2 1.0
E0, mV -766.2 -765.0
βa, mV dec
−1 280.5 293.6
βc, mV dec
−1 262.4 287.7
Rp, Ω 146.0 170.0
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4.5.3 Impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is used to study the various electrochemical
resistances of the zinc-side half-cell in a systematic way. The electrochemical pathways can be
considered analogously to an electrical circuit, where ion migration through the electrolyte and
interfacial effects add resistive elements to the ion path.
EIS was analysed as a comparison between real and imaginary resistive effects, representing the
data as a Nyquist plot. Resistance due to ionic transport through the electrolyte, due to con-
centration of like-charged ions near the surface of the electrode, and due to diffusion resistance
through the plated anode (Warburg diffusion limitation), present as real resistance effects in
the EIS spectra. Whereas, resistance due to capacitive effects, such as the dielectric layers at
the electrode-electrolyte interface, present as imaginary resistance effects on the Nyquist plot.
This differential allows characterisation of the individual resistance mechanisms.
The PEDOT:PSS modified electrode and CNT/HDPE electrode EIS spectra are shown in 4.7.
Raw data plots were used as mathematical smoothing techniques sacrificed important data
points for analysis. The PEDOT:PSS modified electrode bulk electrolyte resistance was 22 Ω
lesser than the CNT/HDPR electrode, indicating either the PEDOT:PSS interacted with the
bulk electrolyte, lowering resistance, or permeation through PEDOT:PSS reduced the resis-
tance of the ionic pathway prior to the effective interface [149]. The semi-circles in both plots
indicate considerable resistance due to the ion concentration at the interface and resistance
due to the capacitive dielectric effect. The capacitive resistance was significantly higher in the
PEDOT:PSS film. While the ohmic resistance was improved over the control electrode at high
frequencies, the resistance increased substantially as frequency reduced. The large semi-circle
generated by the polymer electrode indicates high interfacial charge-transfer resistance, gen-
erally attributed to poor electrical conductivity of the materials [157]. However, due to zinc
electrodeposition prior to impedance spectroscopy, it is likely due to the increased resistance
of the reversibly reduced PEDOT:PSS film, and capacitive properties of the substantial 40 µm
PEDOT:PSS layer. Interestingly, the Warburg diffusion limitation was only demonstrated in
the control electrode, as the 45◦ low frequency linear region[52, 158–160]. The PEDOT:PSS
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demonstrates stable capacitive resistivity in the low frequency region, while ohmic resistivity
steadily increases with lowering frequency. Overall in terms of impedance, the PEDOT:PSS
modified electrode outperforms the CNT/HDPE control at very high frequencies, however gen-
erates higher capacitive and ohmic resistance through the majority of the frequency range. The
lack of obvious Warburg behaviour at lower frequencies compared to the control electrode sug-
gests depression of diffusion limitation contributors in systems charge transfer kinetics utilised
by the the PEDOT:PSS electrode. This in turn could be attributed to (i) quicker replenish-
ing of redox ions at the electrode-electrolyte interface from the bulk electrolyte due to higher
concentration of those ions within the PEDOT:PSS framework, and/or (ii) rearrangement of
electrical double-layer ions (as tied to the capacitive behaviour changes) resulting in the quicker
replenishing described in (i).
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Figure 4.7: Zinc-side half-cell EIS Nyquist plots for PEDOT:PSS modified electrode and
CNT/HDPE electrode.
Figures 4.8 and 4.9 show the effect of impedance cycling on the PEDOT:PSS modified electrode
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and the CNT/HDPE control electrode, respectively. Both electrodes demonstrate minor but
clearly increasing ohmic resistance in the bulk electrolyte with each cycle, indicating some
small ionic interfacial settling in response to the high frequency treatment. The CNT/HDPE
electrode EIS shape remained the same through the cycling, however the PEDOT:PSS modified
electrode substantially changes form after the first cycle, indicating instant conditioning due
to the frequency treatment. As the cycles continue they slowly converge at high resistance,
however the first cycle produced significantly lower interfacial charge-transfer resistance.
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Figure 4.8: EIS cycle Nyquist plots for CNT/HDPE modified electrode in zinc half-cell.
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Figure 4.9: EIS cycle Nyquist plots for PEDOT:PSS modified electrode in zinc half-cell.
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4.6 Conclusion
4.6.1 Summary of chapter findings
A standard, commercial CNT/HDPE zinc/bromine battery electrode was modified and en-
hanced with PEDOT:PSS to produce a significantly higher performing anode. A PEDOT:PSS
film was prepared in the same manner presented in Section 3.4, drying the 40µm over 500 S/cm
film onto the plasma treated CNT/HDPE material. The PEDOT:PSS modified electrode sub-
stantially outperformed the control electrode, improving almost all electrochemical parameters
measured.
The addition of highly conductive PEDOT:PSS to the poorly conductive CNT/HDPE electrode
substantially improved the charge densities, with peak charge density more than double that
of the control electrode. Oxidation and reduction current densities were over 20% higher, and
charge efficiency improved by 9.3%. The oxidation and reduction energy densities were also
improved by over 50%.
Cyclic voltammetry (CV), Tafel plots and electrochemical impedance spectroscopy revealed sev-
eral reasons for the improved performance. Cyclic voltammetry showed reversible PEDOT/PSS
redox peaks at -0.25 V , indicating the PEDOT chain conformation within the film is in a highly
conductive and stable state. The CV curves also showed substantial PEDOT:PSS capacitance,
however the PEDOT reduction did not affect electrode conductivity or performance. The signif-
icant extent of conformational relaxation of the PEDOT chains allow PEDOT reduction with-
out rendering the polymer non-conductive. Tafel plots showed high exchange current density
and low polarisation resistance relative to the control electrode, suggesting high PEDOT:PSS
electrocatalytic activity on the zinc bromide electrolyte, increasing overall performance of the
electrode. Counterintuitively, electrochemical impedance spectroscopy showed higher inter-
facial charge-transfer resistance in the PEDOT:PSS electrode, likely due to the substantial
PEDOT:PSS capacitance from the 40 µm film, and the effects of zinc electrodeposition prior
to performing EIS.
108 Chapter 4. PEDOT:PSS Electrode Modification in Zinc/Bromine Batteries
Apart from enhanced conductivity and electrocatalytic activity, the PEDOT:PSS film also
acted as a current collector for the CNT/HDPE substrate. The CNT penetration through the
HDPE is inconsistent, hence introducing a highly conductive network on the surface effectively
increased the current collection surface area.
Use of PEDOT:PSS as a primary battery electrode has been largely unsuccessful, despite success
as a composite material over a wide range of battery chemistries. Development of a fabrication
technique to maximise the conductivity and stability of micron-scale PEDOT:PSS films allowed
the construction of a novel electrode to improve the performance of zinc/bromine batteries,
further broadening the applications of this interesting material.
4.6.2 Future work
The effect of PEDOT:PSS on zinc/bromine battery performance was very clear, however, due
to fabrication difficulties, optimisation and further exploration of the enhancement mechanisms
were beyond the scope of this study.
The electrodeposition mechanism for Zn2+ ions can be explored by SEM and XRD to determine
whether the zinc plates the PEDOT:PSS surface or deposits within the film, and the extent
of penetration. This may have significant effects on dendrite formation, a regular difficulty in
zinc deposition.
The PEDOT:PSS film was highly stable over 20 cycles at 10 mV cm−2, however higher scan rate
and long term cycling are needed to confirm overall stability. Addition of PEDOT:PSS within
the literature substantially increases the cycling and charge rate stability of like-electrodes
without the conductive polymer, however PEDOT:PSS has not been widely explored as a
primary electrode material.
The conformational structure of PEDOT chains in a particular PEDOT:PSS film has great
influence over the electrochemical properties. In this study, reversible PEDOT reduction and
oxidation seemed to benefit the electrode performance, however this interaction was not studied
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in detail. Similar electrochemical characterisation with a different redox pair electrolyte would
provide valuable insight to the extent of PEDOT/PSS redox interaction in this system.
All work in this chapter has been performed as a zinc-side half-cell. Future work of interest
would include PEDOT:PSS modified electrode in a bromine half-cell, and a comprehensive
full-cell flow study.
Finally, interaction between the bromine sequestering agent and PEDOT:PSS could have a
significant effect on battery performance. Different sequestering agents have vastly different
chemical properties, and within that range there is room for optimisation with new materials.
Chapter 5
High Performance, Flexible Fibre
Supercapacitor Constructed from
Reduced Graphene
Oxide/PEDOT:PSS Composite
5.1 Abstract
Supercapacitors are energy storage devices that compromise the high energy density of bat-
teries with high power density of capacitors. Fibre supercapacitors are constructed using
cylindrical, micron-scale fibres as electrodes rather than planar films, adding a wide range
of practical applications for this architecture. Fibre supercapacitors are rapidly becoming
competitive with conventional microbatteries, where battery energy density suffers from prac-
tical difficulties in construction. In this chapter a high performance, high capacity poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) reduced graphene oxide (rGO)
composite electrode is tested in a symmetrical fibre supercapacitor, and compared with PE-
DOT:PSS and rGO based supercapacitors.
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The supercapacitor devices were electrochemically characterised using a potentiostat. It was
found the high conductivity and pseudocapacitance of PEDOT:PSS significantly enhanced
charge transfer rate, rate capability and capacitance of the composite, while rGO added electro-
static double-layer capacitors (EDLC) charge acceptance kinetics and substantial cycle stability
as a backbone to the PEDOT:PSS structure. The PEDOT:PSS-rGO composite supercapacitor
achieved 138 F cm−3 capacitance, considerably higher than the PEDOT:PSS and rGO devices
at 55 F cm−3 and 14 F cm−3, respectively. The PEDOT:PSS effectively delivered charge to
the rGO sheets, even at high charge rates, while the reduced graphene oxide added structural
stability and rate capability to the composite.
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5.2 Introduction
The previous two chapters demonstrate the versatility of PEDOT:PSS when consideration is
given to the nanostructure of the polymer blend. In this chapter we further explore the uses of
bulk PEDOT:PSS in energy storage by using PEDOT:PSS to enhance graphene oxide electrodes
in fibre supercapacitors.
PEDOT:PSS is well documented to improve conductivity and stability as a composite material
in electrodes. Fibre electrodes are particularly susceptible to low conductivity due to minimal
contact with the current collector, and hence the rest of the circuit, compared to planar elec-
trodes. PEDOT:PSS is an excellent pseudocapacitor material, with high charge transfer rate
and high conductivity. However, like all conductive polymers, PEDOT:PSS suffers from poor
cycle stability. As such, compositing with PEDOT:PSS can provide some beneficial character-
istics to a high capacitance low conductivity material, such as graphene oxide.
Graphene oxide is produced from exfoliated graphite, separating the individual graphene sheets
by oxidising the graphite. The resulting like-charged functional groups electrostatically force
the sheets apart. Graphene oxide is relatively simple and low cost to produce, dispersible
in water without additional surfactants, easily reduced to form graphene (albeit with high
defection), highly stable, and has a very high theoretical surface area. High surface area is
valuable in electrodes, especially in electrostatic double-layer capacitors (EDLC) where the
the capacitance is dependent on the electrode surface area. Though graphene oxide can be
used in high capacity supercapacitors, the low conductivity limits charge transfer rate and
rate capability. Compositing reduced graphene oxide with PEDOT:PSS may address both
PEDOT:PSS stability and reduced graphene oxide resistance, producing a high capacity and
high performance supercapactitor.
Fibre supercapacitors are increasingly promising as an alternate energy storage technology
in micro-storage applications. Small batteries - the existing, monopolising technology - are
highly inefficient in small scale energy usage, with poor energy and power densities. Fibre
supercapacitors may compete with traditional microbattery storage, as supercapacitor energy
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and power efficiencies are less dependent on scale.
The versatility of fibre energy storage is a substantial motivator in research and development.
Flexible, wearable, knittable, implantable energy storage is not practical with commercial bat-
tery architecture, nor for planar supercapacitors. However with fibre supercapacitors, high
flexibility and durability are easily achieved, requiring little sacrifice to serve a new field of
flexible electronic devices.
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5.3 Literature Review
5.3.1 Introduction
Technological demand on portable energy storage is almost ubiquitously increasing. More
devices requiring more energy to power bigger screens, better cameras, faster processors. The
search for more energy density, longer lifespans, faster charge times, and new characteristics
like flexibility, has driven research into many different fields.
A capacitor is an energy storage device which stores energy as an electric field; two oppositely
charged conductors separated by an insulator. Capacitors have very high charge and discharge
rates, however very poor energy density and functional difficulties with discharge. Practical en-
ergy storage can be broken into two categories: batteries and supercapacitors. Batteries consist
of two electrodes in an electrolyte, separated by a semi-permeable membrane. Electrical energy
is stored as electrochemical energy via redox reactions; the anode and cathode act as a media
for electron flow to and from the electrolyte. Supercapacitors, otherwise known as double-layer
capacitors or electrochemical capacitors, are designed as a compromise between capacitor and
battery storage technologies, shown in Figure 5.1. Supercapacitors have a similar design to
batteries, two electrodes in an electrolyte, separated by a membrane, however energy is stored
as an electrochemical double layer and pseudocapacitance rather than in redox reactions with
the electrolyte [161]. The key performance difference between supercapacitors and batteries is
very high charge and discharge rates of supercapacitors due to the diffusion of ions from the
electrochemical double layer as opposed to reaction kinetics through the electrolyte. While
batteries have the higher energy density, supercapacitors have the higher power density by one
to two orders of magnitude, fully chargeable and dischargeable in seconds [129]. Further super-
capacitors have demonstrated long shelf life without degradation, and long cycle life without
reduction in capacity [122].
The mechanism by which supercapacitors store energy operates on two principles: electrochem-
ical double layer capacitance and pseudocapacitance. Electrochemical double layer capacitance
(EDLC) is electrostatic energy stored at the interface between the electrode surface and elec-
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market both in hybrid electric vehicles and pure electric vehicles to
improve regenerative braking (through fast charge capability) and
deliver larger acceleration (through fast discharge capability). Tra-
ditionally, capacitors have been constructed using a set of parallel
conducting plates separated by an insulator. Capacitive charge of
opposite sign builds up on the respective plates in response to a
voltage difference between them. The capacitances are delivered
in mF and !F quantities [1]. In more recent times, capacitors have
been developed that give hundreds to thousands of Farads and
these are usually known as supercapacitors, or ultracapacitors, and
were initially constructed from carbons of high surface area [2].
These are in fact two capacitors connected in series with a con-
ducting liquid media linking them. Such a supercapacitor device
derives its performance from a so-called double-layer capacitance
and is therefore often referred to as an (electric or) electrochemical
double-layer capacitor (EDLC). The capacitance in these devices is
stored as a build up of charge in the electrical double-layer in the
solution interface close to the surface of the carbon to balance the
charge in the carbon material.
Another type of supercapacitor, referred to as a pseudo-
capacitor, derives its capacitance from the storage of charge in the
bulk of a redox material in response to a redox reaction. This fast
redox reaction [3–5] acts like capacitance (hence the namepseudo-
capacitance). A pseudo-capacitor typically stores a greater amount
of capacitance per gram than an EDLC, as the bulk of the material
(not just the surface layer) reacts. On the other hand, an EDLC has
faster kinetics as only the surface of the carbon is being accessed.
An example of a pseudo-capacitive material is a conducting poly-
mer (CP) (the conductivity of which was first reported in 1963 by
Weiss and co-workers in Australia [6–8] and first utilised in super-
capacitors in the mid 1990s [4]) and it is this material that will
be the subject of this review. The review will focus on work done
post-2000 but for a comprehensive description of work pre-2000
readers should consult Ref. [9]. The concept of ‘bridging the gap’
with batteries to form conducting-polymer-based supercapacitors
with superior specific energy compared with carbon-based alter-
natives is illustrated in Fig. 1.
Conducting polymers are rendered conductive through a conju-
gated bond system along the polymer backbone. They are typically
formed either through chemical oxidation of the monomer (for
example with iron chloride) [5] or electrochemical oxidation of
the monomer. Two oxidation reactions occur simultaneously – the
oxidation of the monomer and the oxidation of the polymer [10]
with the coincident insertion of a dopant/counter ion (e.g. Cl−).
The dopant or doping level (in this p-type conducting polymer) is
typically below 1 dopant per polymer unit: approximately 0.3–0.5,
i.e., 2–3 monomer units per dopant. This is limited by how closely
the positive charges (so-called polarons) can be spaced along the
polymer chain. The polymers that are most commonly studied
for use in supercapacitor devices are polypyrrole, polyaniline, and
derivatives of polythiophene [11]. The typical dopant level for these
polymers, as well as their typical specific capacitances and voltage
ranges, are given in Table 1.
The difference between EDLCs and conducting-polymer-based
supercapacitors is shownschematically in Fig. 2. In general, carbon-
Fig. 1. Ragone plots for different types of energy-storage devices; where CP is con-
ducting polymer.
based supercapacitors have high power capabilities, due to the fast
sorption and desorption of ions, but a low specific energy [13].
Conducting polymers should improve the device as they undergo
a redox reaction to store charge in the bulk of the material and
thereby increase the energy stored and reduce self-discharge. One
significant drawback of these materials is the relatively low power
(or lower rate of charge–discharge) due to the slowdiffusion of ions
within the bulk of the electrode. Nevertheless, it is still proposed
that conducting polymers can bridge the gap between batteries
and double-layer supercapacitors as these electrodes have bet-
ter kinetics than nearly all inorganic battery electrode materials
(pseudo-capacitive materials) [13].
Conducting polymers are generally attractive as they have high
charge density and low cost (compared with the relatively expen-
sive metal oxides) [14,15]. It is possible to develop devices with
lowequivalent series resistance (ESR), high power, and high energy
[16]. Polyaniline can exhibit a charge density of 140mAhg−1,
which is slightly lower than that obtained with expensive metal
oxides such as LiCoO2 [17,18] but much higher than that given by
carbon devices that often deliver less than 15mAhg−1 (perhaps
∼40mAhg−1 for the individual electrode) [14]. Carbon–carbon
symmetric supercapacitor devices can achieve a specific power of
3–4kWkg−1 and a specific energy of 3–5Whkg−1 when fully pack-
aged [13,19,20], while a conducting polymer supercapacitor, based
on polyaniline, can achieve a slightly lower power at 2 kWkg−1 but
double the specific energy (10Whkg−1) [19]. As will be discussed
in Section 3, the weight used for the calculation of specific energy
Table 1
Theoretical and experimental specific capacitances of conducting polymers.
Conducting polymer Mw (gmol−1) Dopant level Potential range (V) Theoretical specific capacitance (F g−1) Measured specific capacitance (F g−1)a
PAni 93 0.5 0.7 750 240
PPy 67 0.33 0.8 620 530
PTh 84 0.33 0.8 485 –
PEDOT 142 0.33 1.2 210 92
Cited from Ref. [5]. Mw is molecular weight per unit monomer (gmol−1), PAni is polyaniline, PPy is polypyrrole, PTh is polythiophene and PEDOT is poly(3,4-
ethylenedioxythiophene).
a Cited from Ref. [12].
Figure 5.1: Ragone plots for energy storage devices. Supercapacitor devices are a compromise
in performance between the power density of capacitors and energy density of batteries. CP
are conducting polymer devices [20].
trolyte, without redox reactions within the electrolyte [20, 122, 129, 161]. As EDLC is an
interface-only phenomena, energy storage is highly dependent on the exposed surface area,
porosity and conductivity of the electrode material. Materials with a high surface area such as
activated carbon, carbon nanotubes, graphene and reduced graphene oxides have a high EDLC,
and hence are pop lar choices for supercapacitor electrodes [129, 162].
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Pseudocapacitance stores electrical energy as reversible redox reactions of redox pairs in the
electrolyte, intercalation within the electrode material, and electrosorption[20, 122, 129, 161].
As such, high electrocatalytic potential and permeability to anions/cations provide strong pseu-
docapacitance. Transition metal oxides, hydroxides, nitrides and carbides along with conductive
polymers such as polyaniline, polypyrrole, and PEDOT, are used in very high specific energy
supercapacitors due to their high pseudocapacitance [20, 129, 162, 163]. Most pseudocapacitive
materials suffer low charge/discharge rates and poor rate capability, relative to EDLCs, due to
ion transport and redox reaction kinetics [20, 129, 162, 163].
5.3.2 Fibre supercapacitors
Conventional supercapacitors have an opposing planar architecture, where two opposing metal
plates act as current collectors. The two planar electrodes and a membrane separator containing
electrolyte are all sandwiched together. The planar design has had major development in large
scale energy storage applications, such as regenerative breaking and acceleration in hybrid vehi-
cles, back up power supplies, and supporting storage for the energy grid [20, 122, 129]. However,
providing energy storage for a range of ever shrinking electronic devices as well as the many
flexible, stretchable devices that are becoming increasingly popular, is particularly challeng-
ing. Whilst lithium ion batteries are the premier energy density storage, the superior storage
does not scale down to mini and micro-batteries, leaving a market open for supercapacitors
to compete with traditional batteries. Further, the diversity of upcoming technologies requir-
ing energy storage such as flexible micro-patches and sensors, artificial skin and implantable
radiofrequency devices, and smart, electroactive textiles, exposes another technological need
batteries cannot fulfil [129]. Modern supercapacitor storage devices rely on toxic and corrosive
liquid electrolytes, requiring inflexible, heavy and cumbersome containment to ensure safety of
the device [20, 122, 129]. To overcome this design challenge fibre supercapacitors have been
under development in recent years, with some promising results in both energy storage and
scalable construction[20, 25, 28, 52, 81, 123, 126, 126, 128, 129, 131, 135, 138, 159, 164–166].
Increase in energy density using pseudocapacitive materials comes at the price of lower power
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density, poorer rate capability and shorter cycle life due to diffusion-controlled redox reac-
tions in the bulk of the pseudocapacitive materials. Dependence on redox reactions adds much
slower reaction kinetics to the overall charge and discharge mechanisms, and lowers Coulombic
efficiency[129]. The decrease in power efficiency between an EDLC and composite supercapac-
itor remains, in general, well above the power efficiency of modern batteries [20].
Conductive polymers are particularly attractive as pseudocapacitive materials due to high en-
ergy density, high conductivity, flexibility, good reversibility, large voltage window, low environ-
mental impact and low cost compared to metal oxide supercapacitors [20, 25, 167–169]. There
is potential to develop high power, high energy and low equivalent series devices from polymeric
supercapacitors, however low theoretical capacitances and conductivities provide a challenge
[170]. Higher specific energies in polymeric supercapacitors can be achieved by doping, often
increasing the conductivity as well, however the increase in capacity is due to storage of more
ions, increasing the volume change during the cycle. Increased swelling reduces the lifespan
of the pseudocapacitive material [25]. While this is a disadvantage of doping pseudocapac-
itors in general, conductive polymers tend to have high doping and antidoping kinetics and
advantageous morphology [20, 171]. However cyclic volume change remains an issue.
5.3.3 PEDOT:PSS Supercapacitor
PEDOT:PSS is a strong contender for polymeric supercapacitors based on its high conductivity,
low bandgap of 1-3 eV , high charge mobility and chemical stability [25]. However, substantial
30% doping extent and large molecular weight limit the practical specific capacitance [20], and
complex kinetics add to increase optimisation difficulty [172, 173].
A substantial proportion of the wider literature synthesised PEDOT for supercapacitors. Omit-
ting the PSS doping agent has two primary effects: reducing the conductivity and charge trans-
fer capability of the polymer, and reducing the redox activity. White and Slade [174] doped
PEDOT with 12-molybdophosphoric acid rather than PSS, the planar capacitor measuring a
capacitance of 140 F g−1. A comparison between PEDOT and PEDOT/PPy blend supercapac-
itors with KCl electrolyte showed 180 F g−1 and 290 F g−1, respectively [131]. PPy is known
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to have substantially higher capacity than PEDOT, however CV showed less charge transfer
rate and rate capability. Sonication during chemical polymerisation of PEDOT increased ca-
pacitance in sulfuric acid electrolyte supercapacitors from, 72 F g−1 to 100 F g−1 [165], while
resistance limited PEDOT 350 nm thick nanofibre supercapacitor had a low capacitance of 20
F g−1 [175]. Undoped PEDOT generally had low to moderate capacitance at 92 F g−1 [176].
Adding 5% PEDOT to activated carbon/carbon black electrodes substantially increased the
energy density of the cell [177], increasing the capacitance of a redox supercapacitor from 27 to
56 F g−1 in a hybrid PEDOT-MSP-20 active carbon powder device [171]. The overwhelming
findings from these studies were that the addition of PEDOT increased cycle stability, charge
transfer rate, energy and power density, while perpetually challenged by high resistance. A
higher conductivity PEDOT:PSS/PEDOT composite increased capacitance to 97.51 F cm−3,
over control PEDOT:PSS at 37.75 F cm−3 and chemically polymerised PEDOT 50.52 F cm−3
[178]. Higgins and Coleman [179] fabricated a highly conductive transparent PEDOT:PSS elec-
trode using formic acid post treatment to reach 936 S cm−1 conductivity. The high conductivity
acted as current collector for the supercapacitor device, with capacitance 41 F cm−3 and highly
rectangular CV curves even at 100 mV s−1, indicating excellent charge transfer rate and rate
capability.
Snook et al. [180] addressed use of volumetric or gravimetric capacitance to characterise su-
percapacitors as misleading - thin materials avoid intra electrode kinetics minimising circuit
resistance, however the volumetric or gravimetric capacitance may be significantly degraded by
larger volumes of capacitive material. A nanoscale gravimetric capacity is unlikely to hold true
in a milligram device. As such larger scale results are more impressive and more informing on
real world applications. For example, Snook et al. [180] found a >500 µm thick PEDOT:PSS
film maintained high capacitance at larger scale due to substantial macro and nanometre scale
porosity and high conductivity.
Zhang and Zhao [181] noted PEDOT:PSS colloidal particles swelling and cracking in aqueous
electrolyte, however this effect can be somewhat reduced by morphological changes in the
PEDOT:PSS material. Increased conformational relaxation of PEDOT chains and hydrogen-
bonding between PSS particles surrounding the PEDOT:PSS colloidal particles increase the
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nanostructual stability of PEDOT:PSS. The methods developed in Chapter 3 addressed this
material disadvantage.
Carbon nanotube (CNT) polymer composites have been extensively explored over the past
decade. CNTs proved perfect backbone for cycle and rate stability. Polyaniline, for example,
is a strong binder with high capacity, up to 1000 F g−1. However volumetric changes during
doping and dedoping, swelling and shrinking, rapidly degrades the supercapacitive material.
CNTs largely eliminate well known conductive polymer deficiencies during cycling [130, 182].
The additional CNT stability reduces swelling and shrinking with ionic intercalation within the
polymer. Frackowiak et al. [130] fabricated a moderate capacitance PEDOT/CNT supercapac-
itor at 100 F g−1, however the device exhibited ”perfect cycling”. Lota et al. [169] fabricated a
high capacitance, 130 F g−1 MWCNT/PEDOT supercapacitor with excellent cycle stability in
acidic, alkaline and inorganic electrolytes. 30% MWCNT in the PEDOT formulation substan-
tially increased cycle stability and rate capability due to the mesoporous network of MWCNTs
that allow high charge transfer rate through the material. Pandey et al. [159] used carbon fibre
paper with PEDOT to achieve 154.5 F g−1, with reasonable power and energy density. The
conductive network produced extraordinary stability, retaining 97% initial capacitance after 3
months and 10000 cycles. While Lee et al. [183] reached 179 F cm−3 from PEDOT/MWCNT
flexible, sewable yarn.
Metal oxides have long been the premier capacitance material, and polymer/metal oxide com-
posites have been considered for some time. Yu et al. [184] layered gold nanowire and PE-
DOT:PSS nanopillars over MnO2 to achieve a staggering 862 F g
−1, based on the mass of
MnO2. Unfortunately calculating the gravimetric capacity based only on MnO2 neglects the
substantive capacitance and mass of PEDOT, this results in inflated specific capacitance values.
The charge transfer rate and cycle stability were, however, excellent. Huang et al. [185] followed
the same principle, reporting an incredible 1409 F g−1 for a layered PEDOT/PSS/RuO2 com-
posite. Further Vadivel Murugan [186] considered only the EDLC capacitance of MoO3 in the
PEDOT/MoO3 composite, neglecting all pseudocapacitive effects and attributing 300 F g
−1
the metal oxide. These examples highlight the well documented difficulty in comparing and
reporting on specific capacitance. A choice of mass must be made: the mass of one electrode, or
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one material in one electrode, both electrodes, both electrodes and electrolyte, both electrodes,
electrolyte, heavy current collectors and device packaging. Any deviation between reports is
very difficult to compare. Comparisons within a publication, however, are more reliable.
In general, metal oxides are higher capacity materials than conductive polymers. Chen et al.
[187] fabricated transparent supercapacitors from PEDOT/CNT and In2O3 nanowire/CNT
composites. The polymer/CNT supercapacitor retained a modest 33 F g−1 capacitance, with
increased stability and improved morphology. The PEDOT/CNT supercapacitor outperformed
the CNT device at 25.4 F g−1, however the In2O3 nanowire/CNT composite supercapacitor
reached a much higher 64 F g−1. Lisowska-Oleksiak and Nowak [188] composited PEDOT
with iron, cobalt and nickel hexacyanoferrate measuring capacitance of 50, 70 and 70 F cm−3,
respectively, with excellent cycle stability. Directly comparing PEDOT:PSS with metal ox-
ide composites, SnO2/PEDOT:PSS was significantly more capacitive than PEDOT:PSS, 126
F g−1 and 6 F g−1 respectively [128]. There was substantially higher surface area in the com-
posite, however the PEDOT:PSS was clearly resistance limited. Liu and Lee [189] fabricated
an MnO2/PEDOT supercapacitor, achieving 210 F g
−1 with strong rate capability.
Many of these composite materials are handicapped by poor conductivity. PEDOT:PSS is a
highly conductive material when prepared in a manner that promotes PEDOT chain confor-
mational relaxation, and phase separation between PEDOT and PSS. However PEDOT:PSS
morphology optimisation was almost ubiquitously ignored. Fabrication of PEDOT:PSS from
commercial suppliers in a manner promoting positive morphological changed can be highly
conductive, as shown in 3. Many of these studies looked at the benefit of synthesising PEDOT
chemically as opposed to electrochemically, noting a 20-30 F g−1 increase in the former [169].
Further optimisation of PEDOT synthesis could be achieved by synthesising with different dop-
ing agents or carbon structures [190]. However there is substantial economic benefit in choosing
commercially available PEDOT:PSS, such as the highly conductive Clevios PH1000 available
from Heraeus.
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5.3.4 PEDOT:PSS/Graphene Oxide Composite
Graphene oxide has been increasingly popular over the past decade as a carbonaceous material,
like graphene and CNTs, that is easy to produce at scale, hydrophilic and with an extremely
high theoretical surface area making it an promising electrode material [52, 191, 192]. Though
graphene oxide (GO) itself is not electrically conductive, it can be thermally or chemically
reduced to graphene, dramatically increasing its conductivity [193–196]. High surface area is
particularly interesting for supercapacitor devices. Graphene oxide and graphene are EDLC
materials, storing capacity on the sheet surface, the greater surface area allowing greater ca-
pacity.
Compositing polymer films with graphene oxide can provides substantial mutual benefits [192].
Highly conductive polymers are more conductive than reduced graphene oxide, adding rate
capability and charge transfer rate to the graphene oxide, while the high stability, capacity and
surface area can add capacity and cycle stability to conductive polymers.
Many different compositions have been fabricate to maximise capacitance, charge transfer rate
and cycle stability. Alvi et al. [197] chemically polymerised PEDOT in the presence of graphene
to produce a supercapacitor with HCL electrolyte. The electrode was mixed with nafion, mea-
suring reasonable energy density 12 Wh kg−1 and power density 38 W kg−1. Chen et al. [127]
fabricated a PEDOT:PSS/graphene/PEDOT electrode by vapour phase polymerising PEDOT
onto the graphene layer. The composite capacitance was substantially higher with graphene,
155 F cm−3 verses 93.66 for VPP PEDOT and 108.7 F cm−3 for PEDOT:PSS/PEDOT. The
excellent cycle stability retained 92% of initial capacity after 5500 cycles, also retaining high
charge transfer rate and cycle stability. Wu et al. [125] achieved a similar result with polyani-
line/graphene oxide, 210 F g−1 capacitance from the flexible, mechanically stable supercapac-
itor with strong cycle stability. Qu et al. [126] composited GO with PEDOT:PSS and reduced
the material in a hollowed glass fibre mould using ascorbic acid. A comparative GO with no
polymer was created, and solid fibres were created from both formulations. The hollow com-
posite was 143.3 F cm−3, hollow rGO 94.6 F cm−3, solid composite 79.9 F cm−3, solid rGO
67.0 F cm−3. The hollow composite had high rate capability, high resistance to bending fatigue
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retaining 96% of specific capacitance over 500 bends and 10000 cycles. Sasikala et al. [123] also
produced hollow supercapacitor electrodes. The graphene oxide was reduced with hydrazine
in situ, and the assembled supercapacitor measured an exceptional 417.9 F cm−3, excellent
rate capability, conductivity, and charge transfer rate. Zhang and Zhao [181] coated PEDOT,
PPY and PANI onto rGO sheets and formed into supercapacitors with sulfuric acid electrolyte.
The CV curves of the PEDOT-rGO supercapacitor clearly resembled PEDOT:PSS in shape,
with significant resistance, as opposed to the PEDOT:PSS-rGO composites in Sasikala et al.
[123] and Liu et al. [198]. PEDOT-rGO supercapacitors 108 F g−1, significantly less than the
rGO-PANI and rGO-PPy supercapacitors, however the charge transfer rate was significantly
higher based on the CV curve shape. The cycle stability was certainly inferior to devices with
true polymer-nanocarbon composites, at 80% initial capacitance retainment after 1000 cycles.
There are many different chemical methods to reduce graphene oxide, however most conduc-
tive polymers are not chemically resistant to these methods. Zhang et al. [199] examined GO
reduction by ascorbic acid with some success. While Sasikala et al. [200] examined different
methods of reducing graphene oxide in the presence of PVA, noting the difficulty in main-
taining the integrity of the polymer whilst still reducing the graphene oxide. The films were
soaked or placed in ethanol, heated to 150◦C at 200 bar under carbon dioxide and nitrogen.
Conductivity greatly increased with rGO content. Liu et al. [198] found an optimal means of
reducing graphene oxide in the presence of PEDOT:PSS. Graphene oxide was reduced over 24
hours by 5% hypophosphorous acid (HPA). A planar supercapacitor measured 81 F g−1 capaci-
tance, despite using low capacitance commercial PEDOT:PSS, Orgacon Dry. The capacitance,
charge transfer and rate capability were caused by higher porosity, electrical conductivity, and
increased interlayer spacing due to intercalation of PEDOT:PSS between rGO layers, shown
by XRD. PEDOT:PSS improved rGO restacking during reduction, the resulting composite was
superior in capacitance, charge transfer rate, energy and power densities and highly stable over
20000 cycles.
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5.3.5 Summary
Supercapacitor development has been gaining momentum for several years now, with fibre
supercapacitor development still in its infancy. Flexible, lightweight, high power and energy
density energy storage is highly desired by technology developers waiting for the next jump
forward in energy storage. Fibre supercapacitor energy storage has several distinct advantages
over batteries and conventional supercapacitors. While medium to large scale supercapacitor
technology cannot compete with batteries, traditional battery technology is highly inefficient
in the small and micro-scale. Small scale planar supercapacitors are hard to produce due to
difficulties containing the toxic materials, however fibre supercapacitors work well with safer
electrolytes, are inherently flexible and are easily produced as coaxial supercapacitors.
Graphene oxide is a popular material for energy storage due to its good EDLC capacitance,
high theoretical surface area and ease of production and processing. The primary disadvantages
of graphene oxide as a fibre supercapacitor are limitations of EDLC capacitance, low conduc-
tivity and, compared to polymers, poor mechanical durability. Compositing PEDOT:PSS with
graphene oxide may have the potential to address all of the graphene oxide drawbacks, while
improving PEDOT:PSS cycle stability and capacity.
124 Chapter 5. High Performance PEDOT:PSS-rGO Flexible Fibre Supercapacitors
5.4 Methodology
5.4.1 Materials
Heraeus Clevios PH1000 was chosen as it was the highest performing PEDOT:PSS in earlier
testing and is widely used in literature. PH1000 was sourced from Heraeus. Ethylene glycol,
hypophosphorous acid, ascorbic acid, sulfuric acid and PVA were sourced commercially.
Graphene oxide (GO) was manufactured in our laboratory. Liquid crystal dispersions allowed
the graphene oxide to be wet spun. The dispersions were prepared using a modified Hummer
method, producing up to 80 µm graphene oxide sheets[194, 195].
5.4.2 Formulation
PH1000 PEDOT:PSS was prepared with 5% ethylene glycol and stirred at room temperature
for 20 minutes. The PEDOT:PSS formulation was then added to a centrifuge-concentrated
graphene oxide suspension to form a 50-50 mixture of 1% solids (w/w), then stirred vigorously
for 20 minutes.
It was found conventional stirring did not effectively mix the PEDOT:PSS and graphene oxide,
allowing phase separation between the two materials during the drying process. SEM of a
composite PEDOT:PSS-GO film, Figure 5.2, shows significant separation of graphene oxide
from PEDOT:PSS resulting in a graphene oxide film layered upon a neat PEDOT:PSS film,
mounted to carbon tape.
To address the difficulty in dispersing GO in PEDOT:PSS, the formulation was shear mixed for
10 minutes. The high intensity non-destructive mixing produced a homogenous formulation.
After 60 minutes settling time to allow microbubbles to dissipate from the formulation, the
composite mix was ready for wet spinning.
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Figure 5.2: Separation of graphene oxide from PEDOT:PSS during the drying of a 50% compos-
ite PEDOT:PSS-GO film, indicating the need to homogenise the formulation prior to drying.
5.4.3 Fibre wet spinning
A wet spinning process was used to form flexible, stable fibres from the PEDOT:PSS-GO
formulation. The formulation was added into a syringe and mounted to a syringe pump, where
a consistent flowrate of 20 mL hr−1 could be injected through a 23G needle into a rotating
coagulant solution, shown in Figure 5.3. The coagulant was composed of a 50% water ethanol
solution containing 10% calcium chloride, CaCl2. Rotation speed of 20 rpm prevented material
crowding at the injection point, drawing the formulation in to long, consistent fibres.
The fibres formed on contact with the coagulant solution, and were left for an hour to further
dehydrate and stabilise. The coagulant solution was then pumped out and the coiled fibres
were soaked in ethanol for 24 hours to removed residual water and calcium chloride, changing
the bath solution periodically. The fibres were then collected from the ethanol bath and dried
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Figure 5.3: Wet spinning apparatus to produce PEDOT:PSS-GO fibres. The syringe pump
injects the formulation into the rotating coagulation bath, where it forms a near solid, gel-like
state.
under tension overnight, producing 100 mm, 50 µm diameter PEDOT:PSS-GO fibres.
Pure graphene oxide and PEDOT:PSS with 5% ethylene glycol fibres were fabricated in the
same manner for comparison.
5.4.4 Reduction of graphene oxide
There are two methods of reducing graphene oxide: thermal reduction and chemical reduction.
Thermal reduction of graphene oxide is usually performed at high temperatures, over 400◦C
and often over 800◦C. Due to the presence of PEDOT:PSS, graphene oxide reduction was
performed at a conservative 200◦C in a vacuum oven for 2 hours, in an attempt to preserve
PEDOT:PSS flexibility and conductivity.
Chemical reduction again had to be moderated as any destruction to PEDOT:PSS will re-
duce the conductivity and capacity of the material. Reduction was therefore performed with
ethylene glycol, hypophosphorous acid, and ascorbic acid, three reducing agents known to non-
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destructively interact with PEDOT:PSS conductivity [198, 201–204]. The dried fibres were
soaked in the reducing agent, either pure ethylene glycol, 5% hypophosphorous acid, or 5%
ascorbic acid, for 24 hours at 60◦C, before a water wash, then dried overnight under tension.
5.4.5 Supercapacitor design
The PEDOT:PSS-reduced graphene oxide (PEDOT:PSS-rGO) fibres were assembled into a su-
percapacitor device, shown in Figures 5.4 and 5.5. Two PEDOT:PSS-rGO fibres were mounted
to a glass slide using silver paste and carbon tape, ensuring no short-circuiting or contact with
the gel electrolyte. The electrode spacing was kept a constant 10 mm, electrolyte exposure
length 12 mm and electrode distance to electrolyte 6 mm. The electrodes were immersed in a
PVA-based gel electrolyte with 0.5 M sulfuric acid charge carrier, waiting 1 hour to allow the
gel to entirely envelop the fibres before characterisation.
The same fabrication and construction was used to produce the reduced graphene oxide and
PEDOT:PSS supercapacitors for comparison.
5.4.6 Characterisation
A multimeter was used to confirm contact between the electrodes and silver paste contacts for
the potentiostat. The multimeter was also used to confirm sufficient conductivity of the fibres.
Surface and cross section imaging was performed using a Zeiss Ultra Plus Scanning Electron
Microscope (SEM), using low acceleration voltage to avoid charging in the low conductivity
materials. SEM images were used to determine fibre diameter.
The extent of graphene oxide reduction was explored using a Renishaw Raman inVia Reflex
Raman spectrographer with 514 nm argon-ion laser source. The reduction of graphene oxide is
characterised by the ratio of the intensity of the D-peak to the intensity of the G-peak, shown
on a typical Raman spectra of graphene oxide in 5.6. The D- and G-peaks occur at roughly 1352
and 1595 cm−1 respectively. The D-peak is a response to breathing modes of in-plane carbon
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Figure 5.4: Fibre supercapacitor design. Two PEDOT:PSS-rGO fibres mounted on a glass
slide, with silver paste current collectors and a PVA-based gel electrolyte with sulfuric acid
charge carrier. The cell was then connected to a potentiostat for characterisation.
rings, and the G-peak intensity is relative to the in-plane motion of sp2 carbon atoms. The
ratio of these intensities provides an indication to the quantity defects and functional groups -
the higher the ratio, the greater the reduction of graphene oxide [198, 205, 206].
Electrochemical characterisation was performed using a CH Instrument potentiostat. Cyclic
voltammetry was performed at 1, 2, 5, 10, 20 and 50 mV s−1 to compare the rate capability
and general current response between the three devices. Constant current charge-discharge was
performed at 0.1, 0.2, 0.5 and 1.0 A cm−3. Capacitance was calculated using Equations 5.1,
5.2, 5.3 and 5.4 [129, 207].
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Figure 5.5: Picture of the fibre supercapacitor device during cycling.
1
Ccell
=
1
Cp
+
1
Cn
(5.1)
Where:
Ccell is the capacity of the cell, in F
Cp is the capacity of the positive electrode, in F
Cn is the capacity of the negative electrode, in F
For a symmetric supercapacitor with two identical electrodes, Cp = Cn,
Ccell = 0.5Cp = 0.5Cn (5.2)
Capacitance of the cell can be calculated from galvanostatic charge-discharge using the following
Equation 5.3.
Ccell =
i
dV/dt
(5.3)
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Figure 5.6: Typical Raman spectroscopy of graphene oxide [21]. The D-peak indicated defection
in the carbon rings. The G-peak indicated sp2 inter-planar carbon motion. The 2D-peak
indicates the degree of crystallinity.
Where:
dV is the potential window, in V
dt is the discharge time, in s
The specific capacitance can be calculated from the following Equation 5.4.
Csp =
Ci
vi
= 2
Ccell
vi
= 4
Ccell
2vi
(5.4)
Where:
Csp is the capacity of the cell, in F cm
3
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Ci is the capacity of a single electrode, in F cm
3
vi is the electrode volume, in cm
3
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5.5 Results and discussion
A symmetric type capacitor was fabricated by wet spinning PEDOT:PSS-GO formulation into
a coagulation bath of calcium chloride, and reducing the graphene oxide within the formed
fibres. The PEDOT:PSS-rGO fibres were assembled into a supercapacitor device with PVA-
based sulfuric acid gel electrolyte, and characterised on a potentiostat.
5.5.1 The fibres
Formulations of graphene oxide, PEDOT:PSS and 50% PEDOT:PSS-GO were wet spun into
a coagulant solution of water, ethanol and calcium chloride. Length of the fibre depended on
on the presence of microbubbles interrupting the smooth injection, but in most cases the fibre
spun indefinitely, as shown in Figures 5.7 and 5.8. The coagulant solution was pumped from
the glass petri dish before the fibres were washed in an ethanol bath for 24 hours, changing the
ethanol several times.
Figure 5.7: Wet spinning process to produce PEDOT:PSS-GO fibres. The fibres here are
soaking in ethanol to remove residual water and calcium chloride.
The fibres were then dried overnight under tension at room temperature, in lengths of 80-
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Figure 5.8: The wet spinning process often produced long, neatly ordered fibres, especially with
higher PEDOT:PSS content.
100mm, Figure 5.9. The resulting fibres were extremely flexible, capable of being tied into
knots or braiding several pieces to form a bulkier fibre.
Scanning electron microscopy (SEM) was performed on the supercapacitor fibres to examine mi-
crostructural differences between the formulations. SEM images of the composite PEDOT:PSS-
rGO fibres are shown in Figure 5.10. Reduced graphene oxide sheets fold and bend in the direc-
tion of the syringe injection sheer, clearly visible along the length of the fibre and through the
cross-section, producing a very high surface area compared to the PEDOT:PSS fibres in Figure
5.12. PEDOT:PSS, seen as the soft, plasticised material, is well distributed along the compos-
ite fibre, indicating the sheer mixing step was effective in homogenising the PEDOT:PSS-GO
dispersion. The cross-sectional images show the internal layering of graphene oxide sheets is pre-
served in the composite structure. PEDOT:PSS is intimately bonded within the rGO layering,
suggesting PEDOT:PSS does not greatly interfere with graphene oxide sheet conformation.
SEM images of reduced graphene oxide fibres show very high surface area, with clearly distinct
graphene oxide sheets folding over one another throughout the width of the fibre, shown in Fig-
ure 5.11. The absence of PEDOT:PSS is seen in the sharpness and hardness of the fibre edges,
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Figure 5.9: Dried and collected PEDOT:PSS-rGO fibres ready for assembly into a supercapac-
itor device.
Figure 5.10: SEM of 50% PEDOT:PSS-rGO composite. Individual graphene oxide sheets can
be followed along the cross section and seen enveloping the fibre. PEDOT:PSS can be seen
surrounding the graphene oxide sheets, the sheer mixing step leading to excellent bonding
between PEDOT:PSS and graphene oxide.
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and clarity in the cross-section. Again the reduced graphene oxide microstructure produces a
very high surface area, excellent for electrolytic contact.
Figure 5.11: SEM images of reduced graphene oxide fibres using the above process. Individual
graphene oxide sheets can be seen, particularly in the cross section. The reduced fibre has a
considerable surface area due to folding reduced graphene oxide.
PEDOT:PSS microfibres form solid polymer structures, with highly cylindrical configuration
preserved from the wet spinning needle injection, shown in 5.12. The cylindrical, smooth
structure has a very low surface area compared to the reduced graphene oxide fibres, which
may affect overall capacitive performance.
The fibres were found to be remarkably strong, flexible and stable, though the rGO fibres
were noticeably more fragile than the PEDOT:PSS or PEDOT:PSS-rGO fibres. The PE-
DOT:PSS containing fibres could easily be threaded, tied, braided and folded repeatedly, pre-
serving favourable mechanical characteristics similar to the films in previous chapters.
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Figure 5.12: SEM of pure PEDOT:PSS. Unlike fibres containing graphene oxide, PEDOT:PSS
forms a uniform block of polymer throughout the length of the fibre. Pure PEDOT:PSS fibres
therefore have substantially lower surface area.
5.5.2 Reduction of graphene oxide
There are two methods of reducing graphene oxide: thermal reduction and chemical reduction.
Thermal reduction in a vacuum is highly effective, however effective reduction occurs at tem-
peratures of over 400◦C. Minor graphene oxide reduction is possible at 200◦C, especially as
PEDOT:PSS and ethylene glycol are reducing agents, however the thermal treatment was highly
detrimental to the PEDOT:PSS conductivity, Figure 5.13. In general, PEDOT:PSS degrades
quickly above 160◦C [208]. The degradation effect on conductivity increased with graphene
oxide loading, as PEDOT:PSS interconnectivity is highly beneficial for inter-sheet graphene
oxide charge transport. Further, the composite films were extremely brittle, disintegrating at
a slight touch. Given 200◦C would only provide a minor reduction of the graphene oxide, with
higher temperatures required for further reduction, chemical reduction was favoured for this
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composite. As expected, the control films decreased conductivity with increased proportion
of the less conductive graphene oxide, reduced or as fabricated, effectively diluting the highly
conductive PEDOT:PSS.
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Figure 5.13: Conductivity of various graphene oxide loadings in PEDOT:PSS-GO composite
and their response to thermal reduction in a vacuum oven at 200◦C. The thermal reduction
significantly degraded the PEDOT:PSS, resulting in a substantial drop in conductivity. The
effect was more pronounced with higher loading.
Interestingly, a two day ethylene glycol bath at room temperature also had a destructive effect
on the film conductivity, shown in Figure 5.14. Ethylene glycol is a mild reducing agent for
graphene oxide, and can have a destabilising effect on films produced without polar cosolvents.
Cosolvent addition in formulation increases PEDOT-PSS phase separation and PEDOT chain
conformational elongation, stabilising the PEDOT:PSS structure. Graphene oxide is known to
have a phase separative effect on PEDOT:PSS, however this effect is insufficient to stabilise
the drying film on its own [67].
Several other reducing agents were tried, such as ascorbic acid and methanesulfonic acid, with
poor results, however hypophosphorous acid has been successful in recent publications reducing
graphene oxide in the presence of PEDOT:PSS [198]. A comparison of ethylene glycol and HPA
reduced PEDOT:PSS-rGO composites is shown in Section 5.5.4.
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Figure 5.14: Conductivity of PEDOT:PSS-GO composite film at different GO loadings, before
and after two day ethylene glycol soak. A successful reduction without PEDOT:PSS degrada-
tion would increase the graphene oxide conductivity, and therefore film conductivity.
Raman spectroscopy was performed on the composite fibres before and after treatment with
hypophosphorous acid (HPA) to determine the extent of graphene oxide reduction, shown in
Figure 5.15. PEDOT:PSS is represented on Raman spectra by signature peaks at 580, 994,
1263, 1372, 1432 and 1535 cm−1. The signature peaks for graphene oxide roughly occur at
1352, 1595 and 2628 cm−1, representing the D-, G- and 2D-bands [209]. Though there is
some overlap in signal peaks for PEDOT:PSS and graphene oxide, the intensity response of
PEDOT:PSS to Raman characterisation is substantially weaker than that of graphene oxide
[198, 209]. When normalised to the graphene oxide D- and G-band intensity, the PEDOT:PSS
signal was reduced beyond influence, and the graphene oxide peaks could be studied in isolation
[198]. The ID/IG ratio of the D- and G-band intensities was used to characterise the extent
of reduction by immersion in HPA [205, 206]. Increase in the ID/IG intensity ratio is caused
by increased defection of carbon rings, represented by the D-band, in the graphitised lattice
due to reduction and removal of oxygen-functional groups from the graphene oxide sheet. The
ID/IG intensity ratio increased from 0.995 in the unreduced PEDOT:PSS-GO composite to
1.406 in the PEDOT:PSS-rGO composite due to the HPA treatment, substantially reducing
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the graphene oxide in the presence of PEDOT:PSS [206]. Further, the increased 2D-band
intensity shows recovered crystallinity with the removal of the functional groups.
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Figure 5.15: Raman spectra of PEDOT:PSS-GO and PEDOT:PSS-rGO. The increase in the D-
band relative to the G-band after HPA treatment indicates significant reduction of graphene ox-
ide. Further the increase in 2D-band indicates recovered crystallinity as the oxygen-containing
functional groups are removed from graphene oxide sheets.
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5.5.3 Electrochemical characterisation
A CH Instrument potentiostat was used to perform cyclic voltammetry and charge-discharge
testing on the assembled supercapacitor devices. The combined voltammograms of PEDOT:PSS-
rGO, rGO and PEDOT:PSS supercapacitors at 1 mV s−1 are shown in Figure 5.16. None of the
three have a region of stable current through the voltage range, indicating high resistance from
the carbon-based electrodes. Reduced graphene oxide had the most stable current response,
and had the lowest capacity, based on the width between the charging and discharging currents.
This was expected from the EDLC material, characterised by low storage but very simple, fast
kinetics, and the most resistive of the fibres. The PEDOT:PSS supercapacitor had substan-
tially higher capacity, as pseudocapacitance, based on the vertical distance between charge
and discharge curves, and exceptional charge transfer rate indicated by the rectangular shape.
The PEDOT:PSS-rGO composite fibre supercapacitor, however, exhibited exceptional charge
transfer rate and significantly more capacity than the other supercapacitor materials. The three
supercapacitor devices are compared again at a higher scan rate of 50 mV s−1 in Figure 5.17. At
the higher charge rate the PEDOT:PSS-rGO fibre supercapacitor significantly outperforms the
PEDOT:PSS and rGO supercapacitors, the more rectangular shape and higher current density
demonstrating extraordinary charge transfer rate and capacitance. The PEDOT:PSS and rGO
supercapacitors are heavily affected by electrode resistance, the rGO supercapacitor holding
very little capacitance and the strong rectangular shape of the PEDOT:PSS supercapacitor
from the 1 mV s−1 voltammogram has largely degraded. Interestingly, the PEDOT:PSS-rGO
supercapacitor voltammogram at 50 mV s−1 is strikingly similar to the PEDOT:PSS-rGO 50
mV s−1 CV curve in Liu et al. [198], despite a planar supercapacitor design, lower rGO loading
and intimate contact between the current collector and the PEDOT:PSS-rGO film.
In general, planar supercapacitor designs have one significant advantage over fibre supercapac-
itor designs: contact with the current collector. A simple planar design will often layer the
supercapacitive material directly onto a current collector, dramatically increasing the charge
transfer rate with the circuit. The resistive, capacitive layer is in the order of micron thickness.
A basic fibre supercapacitor design, however, cannot encompass the supercapacitive material
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Figure 5.16: Cyclic voltammograms of PEDOT:PSS-rGO, PEDOT:PSS and rGO at 1 mV s−1
scan rate. The vertical distance between charge and discharge current response is indicative
of capacitance, clearly showing PEDOT:PSS-rGO of significantly higher capacitance than the
other electrodes. The rectangular shape of the PEDOT:PSS and to a lesser extent PEDOT:PSS-
rGO indicate excellent charge transfer rate.
with a current collector. In this and many fibre supercapacitor designs the electrodes are fully
submerged in the electrolyte, the current collector well removed from the electrolyte to pre-
vent short-circuiting. While the submersion increases electrode-electrolyte interfacial area, the
current collector is often several millimetres removed from the electrolyte, adding several mil-
limetres of micron-diameter, low conductivity carbon-based material resistance to the circuit.
As such, lower scan rates are used to characterise and compare the electrode materials without
being dominated by circuit resistance. Understanding the resistance differences between planar
and fibre supercapacitors expands the comparison with Liu et al. [198] planar supercapacitors
- while the fibre PEDOT:PSS and rGO supercapacitors are weakening at the high scan rate,
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Figure 5.17: Cyclic voltammograms of PEDOT:PSS-rGO, PEDOT:PSS and rGO at 50 mV s−1.
The PEDOT:PSS-rGO exhibits outstanding performance, whereas the PEDOT:PSS and rGO
are severely resistance limited. The rGO device is barely functioning as a capacitor at this scan
rate. The highly rectangular shape of the PEDOT:PSS-rGO curve indicates excellent charge
transfer rate and rate capability of the composite material.
the PEDOT:PSS-rGO CV curve is more rectangular with higher capacity.
Voltammograms for the PEDOT:PSS-rGO supercapacitor at different scan rates are shown in
Figure 5.18. The rectangular shape is preserved from 1 to 50mV s−1, with some slight resistance
driven distortion at 50 mV s−1. The impressive rate capability over the PEDOT:PSS and rGO
supercapacitors indicate both superior conductivity and superior storage kinetics, the highly
conductive PEDOT:PSS effectively delivering charge to the rGO sheets, whilst PEDOT:PSS
pseudocapacitance increases the specific energy of the composite as a whole. Further the high
rate capability indicates the PEDOT:PSS-rGO fibre is less resistance limited than the other
fibre materials, comewhat countering the design disadvantage between planar and fibre designs.
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Figure 5.18: Cyclic voltammetry of PEDOT:PSS-rGO supercapacitor at difference scan rates.
The preservation of the rectangular shape as scan rate increases indicates great rate capability,
while the slight deformation indicated resistance is a slightly affecting the response.
Galvanostatic charge-discharge curves for PEDOT:PSS-rGO, PEDOT:PSS and rGO superca-
pacitors are shown in 5.19. The symmetry of the charge and discharge curves indicates efficient,
reversible capacitive kinetics, and broad width of the curves confirming CV capacitances. Mi-
nor iR drop on the rGO and PEDOT:PSS curves indicate some contact resistance, however the
PEDOT:PSS-rGO composite shows no iR drop, consistent with the high charge transfer rate
results. Broader peaks indicate higher capacitance, again the PEDOT:PSS-rGO composite has
substantially higher capacitance than the PEDOT:PSS and rGO supercapacitors.
The galvanostatic charge-discharge curves were used to calculate the volumetric capacitance
of the three supercapacitor materials, shown in Table 5.1. The PEDOT:PSS device capaci-
tance was 55 F cm−3, substantially higher than rGO at 14 F cm−3. This was attributed to
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Figure 5.19: Galvanostatic charge-discharge curves for PEDOT:PSS-rGO, PEDOT:PSS and
rGO at 0.1 A cm−3 S−1. The roughly symmetrical curves show good, efficient reversibility.
rGO and PEDOT:PSS show some iR drop due to ohmic resistance, however the composite
fibres are clearly highly conductive. The width of the bands indicates capacitance, in strong
agreement with the cyclic voltammetry findings.
high resistivity from the rGO and likely influenced by restacking challenges. PEDOT:PSS had
reasonable capacitance as a pseudocapacitor, however pseudocapacitance is kinetically sluggish
compared to EDLC, causing lowering charge transfer rate despite the high conductivity. The
PEDOT:PSS-rGO composite supercapacitor was substantially more capacitive, measuring 138
F cm−3 at 0.1 A cm−3s−1 charge rate. The extraordinary capacitance is the result of a series of
interacting phenomena. Graphene oxide and reduced graphene oxide promote increased phase
separation in PEDOT:PSS, improving the PEDOT:PSS morphology collectively with the ethy-
lene glycol cosolvent [67]. Further, ethylene glycol and the intimately layered PEDOT:PSS both
reduce graphene oxide, increasing the reductive capability of the hypophosphorous acid bath.
Intercalation of PEDOT:PSS into the rGO structure increases the rGO interlattice spacing
[198], allowing stronger utilisation of rGO inherent capacitance with less intersheet interfer-
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ence, and high charge transfer rate access through the conductive PEDOT:PSS (relative to low
conductivity rGO). This combination of effects produced outstanding capacitance, substantially
better than the sum of its parts as a result of improved conduction and storage mechanisms.
Table 5.1: PEDOT:PSS-rGO, PEDOT:PSS and rGO capacitance and capacitive mechanism at
current density rate 0.1 A cm−3
Capacitance (F cm−3) Capacitance mechanism
rGO 14 EDLC
PEDOT:PSS 55 Pseudocapacitance
PEDOT:PSS-rGO 138 Hybrid
The galvanostatic charge-discharge curves at various charge rates for PEDOT:PSS-rGO and
rGO supercapacitors are shown in Figures 5.20 and 5.21. As expected, discharge time decreased
with increasing current. The rGO charge-discharge curves suffer significant iR drop due to high
fibre resistance, capacity effectively dropping to zero at 1 A cm−3.
The PEDOT:PSS-rGO and rGO device volumetric capacities are shown for a series of current
rates in Figure 5.22. The PEDOT:PSS-rGO capacitance drops significantly from 0.1 to 0.2
A cm−3, continuing to decrease slowly to 2.0 A cm−3 due to resistance affecting rate capability.
The rGO supercapacitor effectively reaches zero capacitance at 1.0 A cm−3, with substantial
iR drop at every charge rate.
146 Chapter 5. High Performance PEDOT:PSS-rGO Flexible Fibre Supercapacitors
0 200 400 600 800 1000 1200
Time (s)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Vo
lta
ge
 (V
)
Charge-Discharge of 50% PEDOT:PSS-rGO Composite at Different Current Densities
0.1 A/cm 3
0.2 A/cm 3
0.5 A/cm 3
1 A/cm 3
Figure 5.20: Galvanostatic charge-discharge curves at various charge rates for PEDOT:PSS-
rGO supercapacitor. As expected, the capacitance reduces as the charge rate increases.
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Figure 5.21: Galvanostatic charge-discharge curves at various charge rates for rGO superca-
pacitor. All curves show substantial iR drop due to the fibre resistance. The rGO capacitance
reduces to effectively zero at 1.0 A cm−3
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Figure 5.22: Capacitance verses charge rate for PEDOT:PSS-rGO. The PEDOT:PSS substan-
tially increases both the capacitance and rate capability when compared to rGO.
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5.5.4 Ethylene glycol reduction
For comparison with HPA reduction, ethylene glycol reduced PEDOT:PSS-rGO fibres were
fabricated into a a supercapacitor of the same design. Raman spectroscopy for the fibres before
and after reduction are shown in Figure 5.23. The ID/IG intensity ratio increased from 0.97 to
1.06, indicating significant reduction of the graphene oxide sheets [198, 205, 206]. The increase
in the 2D-band intensity confirms increasing crystallinity with the removal of oxygen functional
groups, confirming the reduction.
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Figure 5.23: Raman spectra of PEDOT:PSS-GO and PEDOT:PSS-rGO reduced in ethylene
glycol. The increase in the ID/IG intensity ratio after EG treatment indicates significant re-
duction of graphene oxide. Further the increase in 2D-band indicates recovered crystallinity as
the sheets reduce, losing functional groups to reduction.
Comparative cyclic voltammetry and charge-discharge curves are shown in Figures 5.24 and
5.25. The voltammograms show substantially less capacitance and poorer charge transfer rate in
the EG-PEDOT:PSS-rGO fibres, while the galvanostatic charge-discharge curves further show
substantial iR drop from the EG reduced fibre, indicating high resistivity. The EG reduced
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composite supercapacitor had a capacitance of 21 F cm−3, substantially lower the 138 F cm−3
from the HPA reduced PEDOT:PSS-rGO.
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Figure 5.24: Cyclic voltammograms of PEDOT:PSS-rGO reduced with HPA and EG. The
HPA reduced fibres show substantially more capacitance and charge transfer rate than the
EG-reduced fibres.
The iR drop, the slope of the voltammogram and charge-discharge curves indicate lower con-
ductivity of the ethylene glycol reduced PEDOT:PSS fibres relative to the HPA reduced fibres.
As shown in Figure 5.14, extended exposure to ethylene glycol significantly reduced the mate-
rial conductivity, and therefore reduced the charge capability of the fibres and suggesting HPA
as a safer reducing agent for graphene oxide in the presence of PEDOT:PSS.
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Figure 5.25: Galvanostatic charge-discharge curves of PEDOT:PSS-rGO reduced with HPA
and EG. The HPA reduced fibres show much higher capacitance and symmetry, while the EG
reduced curve shows considerable iR drop due to ohmic resistance.
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5.6 Conclusion
5.6.1 Summary of chapter findings
A PEDOT:PSS/reduced graphene oxide composite was wet spun into fibres for supercapacitor
devices. Graphene oxide was reduced in the presence of PEDOT:PSS using hypophosphorous
acid and the dried fibres were fabricated into a flexible supercapacitor, with a PVA-based gel
electrolyte with sulfuric acid charge carrier. PEDOT:PSS and reduced graphene oxide (rGO)
supercapacitors were fabricated using the same method for comparison.
SEM images showed PEDOT:PSS well dispersed through the composite, with PEDOT:PSS in
significant contact with rGO sheets. Raman spectroscopy confirmed strong HPA reduction of
the graphene oxide in the PEDOT:PSS-GO composite.
The PEDOT:PSS-rGO fibre supercapacitor substantially outperformed the PEDOT:PSS and
rGO supercapacitors. Cyclic voltammetry at low and high rates showed PEDOT:PSS-rGO to
have significantly greater capacitance, charge transfer rate and rate capability. At the maximum
charge rate of 50 mV s−1 the composite supercapacitor maintained a rectangular shape with
slight deformation, while the PEDOT:PSS and rGO supercapacitors were clearly resistance lim-
ited. Galvanostatic charge-discharge curves were fairly symmetrical, with iR drop present for
the PEDOT:PSS and rGO supercapacitors, not present in the composite. The PEDOT:PSS-
rGO supercapacitor measured 138 F cm−3, significantly higher than the PEDOT:PSS and rGO
capacitors, 55 and 14 F cm−3 respectively. The extraordinary capacitance is the result of a
series of interacting phenomena. Functional groups on graphene oxide sheets promote phase
separation in PEDOT:PSS, increasing phase separation and PEDOT chain conformational
relaxation collectively with ethylene glycol cosolvent. Ethylene glycol and PEDOT:PSS are re-
ducing agents, increasing reduction of graphene oxide during immersion in HPA. As graphene
oxide reduces and restacks, PEDOT:PSS intercalation increases the interlattice distance, si-
multaneously increasing the capacitance of the rGO sheets and increasing fibre charge transfer
rate due to the pervasive dispersion of highly conductive PEDOT:PSS, relative to rGO. These
effects combine to produce a substantially higher capacity and charge transfer composite.
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Comparative supercapacitor devices were made using fibres reduced with ethylene glycol. The
EG reduced fibres were significantly less conductive and capacitive, with substantial iR drop,
and low capacity of 21 F cm−3 at 0.1 A cm−3 s−1, compared to 138 F cm−3 from the HPA
reduced PEDOT:PSS-rGO.
The high performing composite largely overcame the resistance difficulties inherent in single
thread supercapacitor devices. Significant potential for optimisation and development suggest
PEDOT:PSS-rGO fibre supercapacitors may soon find commercial applications in place of
traditional microbatteries, and flexible energy storage devices.
5.6.2 Future work
While the PEDOT:PSS-rGO fibre supercapacitor had impressive performance compared to
PEDOT:PSS and rGO devices, there remains significant potential for optimisation and im-
provement.
The supercapacitor design required the carbon-based fibre to run several millimetres between
the current collector and electrolyte, adding substantial resistance to the electrical circuit.
While this is an inherent difficulty in single layer fibre devices, reduction in the length of this
relatively high resistance pathway would improve charge transfer rate and capacitance.
PEDOT:PSS-rGO response at higher scan rates would be interesting compared with traditional
metal oxide supercapacitor materials. The composite supercapacitor was still performing well at
the maximum scan and current density rates, well past the functional rates for the PEDOT:PSS
and rGO supercapacitors.
Exploration into the increasing PEDOT:PSS intercalation into the rGO layers is a key step
to increasing overall capacitance of the composite. Further HPA reduction may be increased
by increasing HPA concentration, however the electrical performance of PEDOT:PSS must be
preserved to retain the high charge transfer rate.
Fibre size was limited by the injection needle and formulation solids content. Thicker and
154 Chapter 5. High Performance PEDOT:PSS-rGO Flexible Fibre Supercapacitors
thinner fibres present an opportunity to balance high charge rate kinetics with overall resistance
of the fibre. Other fibre designs, such as braiding or wrapping multiple fibres, may support
higher current rates and lower resistance between the current collector and electrolyte.
Finally, stability testing of the fibre devices would inform future design. Cycle stability, and
resilience to changing scan or current rates are the next step in developing this promising energy
storage device.
Chapter 6
Conclusions
6.1 Overall conclusions and recommendations
This thesis aimed to address two areas of PEDOT:PSS development: to develop understanding
and techniques to preserve PEDOT:PSS high conductivity in thick films for RFID antennas;
and to explore the influence of newly developed PEDOT:PSS processing techniques in energy
storage. It was found by carefully controlling the PEDOT:PSS nanostructure and composition,
conventional difficulties in scaling PEDOT:PSS beyond nanometre-scale films were overcome
and three novel electronic devices were produced. A fully polymeric, flexible, highly efficient
and ultra-wideband antenna had equivalent performance to a copper equivalent of the same
dimensions. A zinc/bromine battery electrode was modified with a layer of PEDOT:PSS sub-
stantially increasing the charge and current densities, increasing the battery performance as a
whole. PEDOT:PSS/reduced graphene oxide (PEDOT:PSS-rGO) microfibre electrodes were
fabricated into a high performance symmetric supercapacitor. Overall, steps taken to optimise
PEDOT:PSS phase separation and PEDOT chain elongation from benzoid to quinoid conforma-
tion increased PEDOT:PSS conductivity and stability, invariably and significantly benefitting
device electrical and electrochemical performance.
A novel fabrication technique was developed to reliably produce high conductivity, high thick-
ness PEDOT:PSS films for use as an RFID antenna. PEDOT:PSS films were soaked in ethylene
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glycol and dried at low temperature to substantially increase PEDOT-PSS phase separation,
PEDOT chain conformational relaxation and PEDOT solids loading, increasing the order of the
chaotic nanostructure. The 40 µm thick, 500+ S cm−1 high conductivity films were fabricated
into multiple antenna configurations. A 2.45 GHz tuned dipole antenna configuration achieved
98.9% radiation efficiency over 2.25-2.75 GHz operational bandwidth, and 99.7% radiation
efficiency at 2.5 GHz, effectively equivalent to an equivalent copper antenna directional-gain
efficiency and bandwidth. Further antenna articulation to 90◦ had little effect on the directional
gain or operational bandwidth, further articulation decreasing the low frequency operational
bandwidth as the effective antenna length shortens. This work produced an entirely novel,
high performance, copper equivalent polymeric antenna fabricated from commercially available
PEDOT:PSS by considered modifications to the PEDOT:PSS film nanostructure.
The novel PEDOT:PSS films were used to modify carbon nanotube (CNT)/high-density polyethy-
lene (HDPE) in zinc/bromine batteries. Due to physical and electrochemical restraints, com-
mercial zinc/bromine batteries often use CNT/HDPE electrodes. These low conductivity
organic electrodes significantly limit battery performance. Layering PEDOT:PSS over the
CNT/HDPR electrode substantially increased anodic performance, more than doubling peak
charge density and increasing current density by over 20%. Energy density increased by
over 50%, and charge efficiency increased by 9.3%, directly increasing battery efficiency. PE-
DOT:PSS had substantially higher electrocatalytic activity, higher conductivity, higher nano-
and micro-scale porosity, increasing anodic performance across all electrochemical parameters.
Considering another energy storage application, PEDOT:PSS was composited with reduced
graphene oxide (rGO) to produce flexible, high performance fibre supercapacitor devices. Graphene
oxide was reduced in situ using hypophosphorous acid (HPA) without damaging the PE-
DOT:PSS. The composite PEDOT:PSS-rGO capacitor substantially outperformed PEDOT:PSS
and rGO fibre supercapacitors fabricated using the same method. The composite device had
significantly higher capacitance, charge transfer kinetics, rate capability and mechanical dura-
bility. PEDOT:PSS-rGO fibres had capacitance of 138 F cm−3, strikingly higher than PE-
DOT:PSS and rGO, 55 F cm−3 and 14 F cm−3 respectively. The extraordinary performance
is the result of several interacting phenomena: functional groups on graphene oxide sheets and
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submersion in HPA intensify increased PEDOT-PSS phase separation and PEDOT chain con-
formational elongation induced by ethylene glycol; PEDOT:PSS and ethylene glycol are both
reducing agents, adding to the reduction of graphene oxide by HPA. As graphene oxide sheets
reduced, recrystallised and restacked, intercalation by PEDOT:PSS minimised restacking to
increase rGO interlattice distance, simultaneously increasing the capacitance of the reduced
graphene oxide sheets and increasing charge transfer rate due to the pervasively networked,
high conductivity PEDOT:PSS. The combination of these interacting phenomena produced
substantially higher capacity, rate capability and charge transfer performance than either the
PEDOT:PSS or rGO fibres, largely overcoming ohmic resistance challenges associated with
basic fibre supercapacitor designs.
Three high performing PEDOT:PSS based devices were realised by optimising conditions for
high conductivity PEDOT:PSS. The PEDOT-PSS phase separation and PEDOT chain confor-
mational relaxation increase the material conductivity, physical stability, flexibility and electro-
chemical reversibility, improving RFID antenna, battery electrode and symmetric supercapac-
itor performance. While most studies ignore PEDOT:PSS morphology outside of nanometre-
scale, transparent films, this work demonstrates high performance can be achieved in bulk
PEDOT:PSS for a variety of electrical and electrochemical applications.
6.2 Future work and strategies forward
The vast majority of PEDOT research has been on nanoscale films, or has largely ignored
PEDOT/PEDOT:PSS nanostructure. This approach has limited overall PEDOT:PSS devel-
opment, as thin films are impractical for most non-transparent uses, such as RFID antenna
design or energy storage. Further optimisation of cosolvent and post-processing techniques
on micron-scale PEDOT:PSS films will reveal new methods of producing high conductivity,
practical-scale PEDOT:PSS.
Composition of PEDOT:PSS with other materials has overwhelmingly shown the higher sta-
bility and electrical/electrochemical performance than the individual components. However,
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again, PEDOT or PEDOT:PSS nanostructure has evaded consideration in these materials, re-
sulting in low conductivity and kinetically sluggish composites relative to highly configured
PEDOT:PSS.
In terms of the devices fabricated in this thesis, higher conductivity and additional stability
and other benefits of composite materials would improve all device functionality. Higher con-
ductivity PEDOT:PSS decreases the required thickness for an antenna at a given frequency,
saving materials and increasing the applicability of flexible RFID devices. Further compositing
PEDOT:PSS often increases electrochemical stability, increasing the device lifespan in harsh
environments. Greater and smaller thickness PEDOT:PSS films, and PEDOT:PSS-rGO films,
would change the kinetics in zinc/bromine batteries, and bromine-side half-cell battery mod-
ification have great potential to increase battery efficiency. Further optimising compositing
materials and PEDOT:PSS-rGO fibre thickness and supercapacitor design would substantially
increase the volumetric capacitances produced.
There is significant scope for further development and optimisation of bulk PEDOT:PSS in
electrical and electrochemical devices where conditions are optimised for PEDOT:PSS perfor-
mance. Controlling PSS migration through PEDOT-PSS phase separation and increasing inter-
grain interconnectivity by PEDOT chain conformational relaxation will improve PEDOT:PSS
performance and stability, desired across a wide range of devices and applications.
Glossary
AFM atomic force microscopy. 33
CNT carbon nanotube. 18
DMSO dimethyl sulfoxide. 23
EDLC electrochemical double layer capacitance. 114
EG ethylene glycol. 23
MEP N-methyl N-ethyl pyrrolidinium bromide. 79
MSA methane sulfonic acid. 27
MWCNT multi-walled carbon nanotube. 83
NF nanofibre. 25
NW nanowire. 17
PEDOT:PSS poly(3,4-ethylenedioxythiophene):polystyrene sulfonate. 1
PEG polyethylene glycol. 23
PH1000 high conductivity, commercial PEDOT:PSS. 24
PPy polypyrrole. 19
PVA polyvinyl alcohol. 85
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PVSA polar solvent vapour anneal method for PEDOT:PSS processing. 24
RFID radiofrequency identification. 10
rGO reduced graphene oxide. 18
SEM scanning electron microscopy. 33
Skin relation between film thickness, conductivity and antenna efficiency. 19
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